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ABSTRACT 
Adverse weather reduces the capacities and operating speeds on roadways resulting in 
congestion and additional productivity loss. Without a solid understanding of the mobility 
impacts of weather on traffic, freeway operators do not have the estimates ofreductions in 
capacities and speeds to predict and simulate the impacts of traffic management strategies, 
when faced with inclement weather. Practically all traffic engineering guidance and methods 
used to estimate highway capacity assume clear weather. For major metropolitan areas in 
snow-belt states, inclement weather conditions occur during a significant portion of the year. 
This research classified weather variables by intensity and evaluated impacts of these 
weather categories on freeway capacity and operating speeds. The study area included Twin 
Cities metropolitan area freeways in Minnesota. The research database included 4 years of 
traffic data from roughly 4000 loop detectors and weather data over the same period from the 
five Road Weather Information System (RWIS) and Automated Surface Observing Systems 
(ASOS) sensors at three airports in close proximity to the freeway system. 
Results indicated that severe weather conditions caused the most significant 
reductions in capacities and operating speeds. Heavy rain (> 0.25 inch/hour), heavy snow (> 
0.5 inch/hour), cold temperatures(< -20° Celsius), and low visibility(< 0.25 mile) showed 
10-17, 19-27, 6-10, and 10-12 percent reductions in capacities. Additionally, significant 
speed reductions of 4-7, 11-15, and 12 percent due to heavy rain, heavy snow and low 
visibility were obtained. Speed reductions due to heavy rain and snow were found 
significantly lower than those recommended in the Highway Capacity Manual 2000 (HCM 
2000). Additionally, other weather variables presently not included in the HCM 2000, such 
Xl 
as cold temperatures(< -20° Celsius) and low visibility(< 0.25 mile) were classified by their 
intensities and investigated to identify their impacts on freeway capacities and operating 
speeds. 
1 
CHAPTER 1 - INTRODUCTION 
1.1 Background 
Adverse weather impacts on freeway traffic operations have become a growing 
concern for federal and state transportation agencies because weather events are random, 
discontinuous, and cannot be controlled. Still, there exists an opportunity to minimize 
weather impacts on freeway capacities and speeds using available weather and traffic data 
collected over the period of time using Intelligent Transportation System (ITS) devices such 
as dynamic message signs and ramp metering. Although it may seem obvious that inclement 
weather events reduce freeway capacities and slow traffic and even may create gridlock 
situations, little research has been conducted to quantify the impacts of inclement weather 
conditions. Also, much of the known literature on this issue was obtained from studies 
outside the U.S. or from rural freeway segments within the U.S . The results of these foreign 
and rural may not be applicable to urban freeway segments in the U.S. due to different 
roadway and driver characteristics. For example, the percentage decrease in capacities for 
rural sections ofl-84 in rural Idaho, a location where several studies were conducted, during 
heavy snowfall may not be the same as the urban freeway section ofl-35 Win the 
Minneapolis. 
The freeway road network around the Minneapolis/St. Paul region (the Twin Cities) 
was chosen as the study area for the investigation of weather impacts. Unlike prior research, 
this study used a larger dataset of four years (January 2000- April 2004) on traffic and 
weather information, and included weather variables such as temperatures, wind speeds, and 
low visibility conditions in addition to rain and snow for analysis. 
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1.2 Need for Research 
Transportation engineers are attempting to integrate weather and traffic data for 
efficient management of freeway traffic operations during weather events. For this purpose, 
they require thorough knowledge of the impact on traffic and facility variables such as 
capacity and operating speeds in quantitative terms. This research will be of double 
importance for transportation professionals. First, it will provide a more accurate estimation 
of freeway capacities and operating speeds, crucial to making roadway design decisions so 
that freeway facilities meet their design hour traffic volumes. Inappropriate design standards 
may cost millions of dollars per mile or more and increase travel delays. Second, it will make 
proactive management of freeway facilities more efficient and reliable by providing a 
thorough understanding of the effects of weather on freeway capacity and operating speeds. 
Transportation authorities manage freeway facilities by following strategies during inclement 
weather that could become more effective with the availability of precise information on 
weather impacts. 
1.2.1 Traffic Control Strategies 
Traffic control strategies involve changes in control devices such as modification in 
signal timings, ramp meter control, detouring of traffic and lane closures to permit or restrict 
traffic flow and regulate capacity. These strategies can be applied more effectively if traffic 
managers understand the current and future impacts of weather on traffic flow as a weather 
event passes through the region. 
3 
1.2.2 Traveler Advisory Strategies 
Traveler advisory strategies warn drivers about roadway conditions so that they can 
adjust speed, reschedule the trip, or adopt a different route. More detailed information on the 
resulting impacts of a weather event can help traffic managers provide more reliable and 
useful information. 
1.2.3 Roadway Treatment Levels 
Roadway treatment levels include the application of chemicals and abrasives to 
pavements and emergency management forces to mitigate the impacts of storms. Prior 
information about weather and anticipated reductions in operating speeds and capacities will 
help winter maintenance managers determine the appropriate response to an approaching 
weather event. 
Since, this research is focused on urban freeway segments, the results can be applied 
to estimate reduced operating speeds and capacities for other snow belt metropolitan areas 
(e.g., Denver, Salt Lake City, Detroit, Buffalo, etc.) in the U.S. These cities have similar 
demographic and weather characteristics (e.g., light snow (> 0.1 inch/hour) for an average of 
30 or more days per year approximately and heavy snow of more than 2 inches/hour for 8 
to12 days per year) [1]. 
1.3 Research Objectives and Scope of Work 
The main objective of this research was to quantify the relationship between weather 
events, freeway capacities and operating speeds on urban freeway sections, thereby providing 
an analytical basis for the future development of objective guidelines for practitioners. This 
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research found substantial evidence regarding reductions in operating speeds and capacities 
for various types of weather types and weather intensity levels, and verified the statistical 
significance of differences in speeds and capacities for increasing levels of weather event 
intensity. This study also found that data obtained from RWIS surface sensors cannot be used 
for analysis for two reasons. First, this research found that weather data obtained from the 
RWIS stations around the Twin Cities had many false readings. The second reason was that 
the RWIS system did not collect the right weather variables. For example, precipitation 
intensity was determined to be an important variable but none of the RWIS stations had the 
technology to estimate precipitation intensity. 
To accomplish the above stated objectives, the scope of this research included the 
following activities. 
• A literature review regarding the impacts of inclement weather conditions on 
freeway traffic flow variables. 
• A review of literature regarding estimation of freeway capacity and average 
operating speeds. 
• A step-by-step methodology to prepare an integrated dataset of weather and 
traffic data, to estimate capacity and average speeds, and to select an appropriate 
statistical method for analysis. 
• Statistical analysis was conducted to evaluate the significance ofreductions in 
average operating speeds and capacities during different types of weather events 
and weather intensities. 
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1.4 Thesis Organization 
This thesis is divided into five chapters. Chapter 1, Introduction, discusses the 
importance of this research, and describes the objectives and scope of this research. It also 
discusses how this research could be helpful for traffic managers, while applying a particular 
traffic management strategy for inclement weather conditions. Chapter 2, Literature Review, 
reviews past research that attempted to evaluate weather's impact on freeway traffic 
operations. It also reviews the literature regarding capacity estimation techniques. Chapter 3, 
Methodology, describes the data collection process and integration of weather data with 
traffic data. It discusses the adopted methodology to compute free flow speed and capacities, 
and freeway operations and removal of incident data from the analysis. It also compares the 
available statistical methods and lead to the selection of the Bonferroni method for this 
research. Chapter 4, Analysis, presents the results in the form of reduction in speeds and 
capacities, due to different weather conditions (rain, snow, temperature, and wind speeds). 
Results are compared using the Bonferroni method to check the statistical significance of 
differences in speeds and capacities for increasing levels of intensity of weather conditions. 
Finally, Chapter 5, Conclusions, compares the results with recommended free flow speeds 
and capacities for different weather categories in Chapter 22 of the Highway Capacity 
Manual 2000 (HCM 2000), summarizes this research effort, and proposes recommendations 
for future research. 
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CHAPTER 2 - LITERATURE REVIEW 
The first step in this research was to conduct a literature review to determine the 
findings of previous inclement weather-related research. The research reported in this thesis 
builds on the methodologies used and findings of prior researchers. The literature review 
served to determine the gaps in current research that may be filled with this research. 
The review of the literature is divided by subject. First, a review of literature 
regarding traffic flow theory related to weather is presented. Second, a review of past studies 
of weather impacts on freeway traffic flow variables is presented. Third, various techniques 
are examined to understand how freeway capacity is estimated. Understanding how to 
estimate capacity from observed traffic volumes is a critical issue for the research reported in 
this thesis. Finally, this chapter ends with a brief summary of the literature reviewed. 
The literature review encompasses much of the research regarding weather impacts 
on traffic flow variables that has been conducted in the past. The purpose of this review is to 
develop an understanding of how and what weather variables should be measured and to 
estimate their resulting impacts on traffic flow variables (e.g., speed and capacity). 
References were identified by searching library databases such as Iowa State University's 
SCHOLAR and other online library databases. In addition, other references were identified 
by using specialized reference indexes such as the Iowa Department of Transportation's 
library and the Engineering Information Compendex. 
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2.1 Traffic Flow Theory 
It is important to understand the fundamental relationship between traffic flow 
variables before impacts of weather on these relationships can be assessed. The theory of 
traffic flow on multilane highway sections is well developed. Greenshields [2] developed a 
simplistic model to describe the relationships among speed, flow, and density (concentration 
of vehicles in a traffic stream). Greenshields' relationships indicate that as density increases, 
speeds tend to decrease in a linear relationship for uninterrupted flow conditions. The 
relationships between speed, density and flow are described as follows: 
(2.1) 
(2.2) 
where: u = traffic speed, 
ur = the free-flow speed, 
k =density, or the number of vehicles occupying a unit length of a lane at a given 
instant; expressed as vehicles per mile, 
kj =the jam density, or the concentration of vehicles at which traffic can no longer 
move, 
q= flow, or number of vehicles passing through a section per unit of time; expressed 
as vehicles per hour (vph). 
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The formula can be used to graphically show the relationships between speed, flow, 
and density of a vehicle stream. This can be observed in Figure 2.1 with the following 
additional variables: 
::2 uml------'.,. 
0.. 
.s 
k,,. 
Density (veh/mile) Flow (veh/hr) 
Figure 2.1: Graphical representation of Greenshields' linear model 
qm = the maximum attainable flow 
Um = the speed at which the maximum flow rate is attained. 
Although the relationship between speed and density is not actually linear, 
Greenshield's model provides a good construct for understanding the relationship between 
traffic flow variables. Looking at the speed versus density and speed versus flow in Figure 
2.1, it can be seen that when traffic density is very low, speeds are near the free-flow speed 
(ur). As the vehicle density increases, vehicle flow increases, and speed drops. Once the 
maximum flow (qm) is reached, flow begins to drop with increasing densities until the speed 
reaches zero. Jam density is simply the point at which traffic comes to a complete standstill. 
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As densities begin to drop, speeds and flows return to capacity, and if densities drop to very 
low levels, speeds will increase to near the free-flow speed and flow will drop to near zero. 
Another variable that must be considered is occupancy. Occupancy is frequently used 
by traffic engineers to compute density and speeds. It is the percentage of a time interval that 
a detector detects a vehicle or a group of vehicles. For example, if a detector detects 25 
percent occupancy for 30-second interval period, it means that the detector was occupied by 
a vehicle or a platoon of vehicles for 7.5 seconds during the 30-second interval. 
Data on volume and occupancy are used to obtain speed, density, and flow variables 
using following relations. Here, the field length is computed as the sum of the average 
vehicle length plus the field length of the detector. 
Flow= Number of vehicles/ Hour= (Vehicles/ 30-seconds) x 120 (2.3) 
Density= Vehicles/Mile= (5280 x Occupancy)/ (Field Length xIOO) 
(2.4) 
Speed =Flow/ Density (2.5) 
A few studies [3 , 4] used flow (vph) and occupancy data for a given time interval 
instead of collecting speed and density to analyze weather impacts because researchers found 
that it is simple, inexpensive, and accurate to collect volume and occupancy using loop 
detectors instead of collecting speed and density. Occupancy was also found to give a tighter 
fit (strong linear relationship) with flow than density. Thus, it is more accurate to obtain 
speed and density values using flow and occupancy data rather than using density values. 
Previous research [3] showed that the flow-occupancy regime can be divided into two 
regimes, uncongested and congested. They concluded that the uncongested portion of the 
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flow-occupancy curve follows a linear relationship, which can be used to compute density 
and speeds. 
In Figure 2.2, a graphical representation of observed flow (vertical axis) and 
occupancy measurements (horizontal axis) is shown for a freeway. It is noted that flow and 
occupancy increase linearly until occupancy is about 18 percent. After 22 percent occupancy, 
flow begins to decline and becomes scattered as occupancy rates increase and results in a 
congested flow. 
2500 
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·p_. 
_::, 
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500 
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. ... . ~: . . .· ·. ':. :':./ ~::' : 
. •·. ~ . ' 
20 30 40 51 
Occupancy (percentage) 
Figure 2.2: Flow vs. occupancy for normal weather conditions 
This section provided an insight into the different underlying relationships between 
traffic flow variables. These variables and their relationships serve as critical tools for 
computing capacity and average operating speeds on freeway sections. Also, it is equally 
important for traffic managers to understand how these relationships are changed by weather 
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conditions and what their impacts are on travel times, delays, average operating speeds, and 
freeway capacities. 
2.2 Adverse Weather Impacts on Freeway Operations 
Studies have focused on different traffic flow variables (flow rates, speed, density, 
and detector occupancy) to analyze weather impacts on these variables. For typical urban 
freeway facilities that operate near, at, and above capacity, some studies have focused on 
measuring strictly capacity during wet and/or snowy conditions [5, 6, 7] . Others have 
investigated capacity reductions during wet and/or snowy conditions as a result of changes in 
flow characters (slower speeds and lower densities) when urban facilities are operating near, 
at, or above capacity [3, 6, 7, 8, 9, 10]. With the exception of Smith et al. [9], other studies 
have focused on speed reductions alone, principally because measurements were being taken 
in uncongested and/or rural segments of interstates [ 4, 11, 12]. A recent study conducted for 
the Federal Highway Administration (FHWA) took a related, novel approach, and attempted 
to link performance (travel time) with precipitation data derived from radar [13]. 
This section is further categorized into two following subsections: a literature review 
related to the weather's impact on capacities and a review ofresearch pertaining to weather 
impacts on average operating speeds. Each is discussed in detail below. 
2.2.1 Weather and Capacities 
Hall and Barrow [3] examined the impacts of adverse weather conditions on flow-
occupancy relationship for Queen Elizabeth Way near Hamilton, Ontario. They obtained 
weather data from the Hamilton Airport and traffic data (flow, occupancy) from the 
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Burlington Skyway Freeway Traffic Management Systems (FTMS). They limited their 
analysis to uncongested time intervals, because they found congested data (flow and 
occupancy) to be widely scattered and did not have a linear relationship. They concluded that 
the congested portion of the flow-occupancy curve is not good for comparing weather 
impacts because other factors such as bottleneck situations, driver frustration, lower 
headways, incidents, heavy turning movements, and transitional geometries impact freeway 
operations and diminish data quality for analysis of weather impacts only. 
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Figure 2.3: Flow vs. occupancy for different weather conditions3 
30 
They used a flow-occupancy curve to estimate capacity reductions during severe 
weather and concluded that adverse weather reduces the slope of the flow occupancy linear 
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relation and thereby resulting in reduced capacity. The impact of increasingly severe weather 
is illustrated in Figure 2.3. The sloped lines in Figure 2.3 represent the relationship between 
flow and occupancy during uncongested flow conditions. The top line is the relationship 
during clear weather, the line below it with less slope represents flow-occupancy 
measurements during rain, and the third line from the top represents the relationship during 
snow. As the lines become flatter they represent more severe weather, which explains that 
maximum flow rates are reduced due to change in weather severity. However, Hall and 
Barrow [3] did not classify rain and snow by their intensities and obtained weather data from 
remote weather stations (more than 3 miles apart from freeway locations). 
A study on the impacts of weather on capacity was conducted by Ries [6] using data 
from I-35W in Minneapolis and its suburbs. Ries primarily concentrated on urban freeway 
sites that run at capacity during peak hours. He estimated and compared capacities during 
weather events such as snow, rain, cold temperatures, high wind speeds, and darkness and 
concluded that the slightest amount of precipitation (also called a "trace" amount) either in 
the form of rain or snow reduces capacity by 8 percent. Ries found that the reductions in 
freeway capacity were higher for snow (approximately 2.4 percent) than for rain at every 
0.01 inch/hour increase in precipitation (water equivalents). For example, rain and snow 
showed reductions in capacity of 7 .1 and 20.3 percent respectively at the precipitation 
intensity of 0.05 inch/hour in water equivalent compared to normal weather conditions. 
Therefore, he concluded that reductions in capacities due to snow were higher by 2.64 
percent than due to rain for every 0.01 inch/hour increase in precipitation. 
14 
Ries also investigated the impact of other weather variables such as temperature, 
darkness, and wind speeds. Ries concluded that temperatures below -20° Celsius (-4° F) 
caused a 10 percent reduction in capacity, darkness caused 3 percent reduction in capacity, 
and wind speed did not show appreciable effects on capacity. 
Jones and Goolsby [5] found that freeway capacity is reduced by 10 percent due to 
rains, but the severity of rain is not noted. Kleitsch and Cleveland [7] reported an average 
reduction of 8 percent but emphasized that variation in reduction was not associated with 
rainfall intensity. 
The recommendations in Chapter 22 of the HCM 2000 [14] regarding reductions in 
freeway capacities due to adverse weather conditions are as follows. 
• No significant reductions in capacities due to light rains until visibility is effected 
• Light snow causes 5 to 10 percent reductions in capacities 
• Heavy rain causes 14 to 15 percent reductions in capacities 
• Heavy snow causes 25 to 30 percent reductions in capacities 
Smith et al. [9] found that rainfall intensity showed significant impacts on capacity 
and speeds. They used one-year (August 1999- July 2000) of traffic data (flow and speeds) 
collected at 15-minute time intervals for two freeway links in Hampton, Virginia, and 
weather data from the Norfolk International Airport (less than 3 miles away). They defined 
rainfall intensity levels as clear weather, light rain, and heavy rain events(< 0.01, 0.01-0.25, 
and > 0.25 inch/hour, respectively). They found statistically significant capacity reductions of 
4-9 and 25-30 percent for light and heavy rains, respectively, compared to clear weather 
conditions. 
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In a recent study presented at the 83rd annual meeting of Transportation Research 
Board (TRB), Okamoto et al. [10] presented their findings on 19 sites in Japan on the Tokyo-
Nagoya expressway to assess the effect of rainfall, curvature, and grades (pavement slopes) 
on capacity. They used density-velocity function and included design variables (grades, 
curvature) and weather variables in the model. They plotted speed-flow relations for rainfalls 
intensity groups (0.0, 0.01- 0.06, 0.07-0.12, 0.13- 0.24, 0.25-0.48, and 0.49-0.96 cm/hour) 
instead of categorizing rains by light and heavy rainfall. They found that freeway capacity is 
reduced by 0, 5, 11.01, 13.89, 24.77, and 33 percent, respectively, for these increasing 
precipitation levels. They found that highway capacity can be better estimated using both 
rainfall intensity and design variables (curvature and grades). Their research suggested that 
the adopted model requires data validation from diverse locations before making final 
recommendations. 
There seems to be reasonable evidence that various weather variables such as rain, 
snow, wind, and temperature cause reductions in freeway capacities and their impacts can be 
quantified by their categories and levels of intensities. These events reduce pavement friction 
and visibility, which require drivers to adopt larger headways and lateral distances, and cause 
reductions in operating speeds as will be discussed in the next section. 
2.2.2 Weather and Speeds 
Ibrahim and Hall [4] used traffic data from inductive loops on the Queen Elizabeth 
Way near Toronto and weather data from the Toronto Metropolitan Airport. Authors used 
traffic data for uncongested flow conditions by restricting time periods between 10:00 am to 
4:00pm. Using regression analysis with dummy variable for occurrences ofrain, snow, and 
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fog, they found that speed reductions were statistically different for each weather condition 
(light and heavy rain, and light and heavy snow). They estimated the following reductions in 
free flow speeds for each weather condition. 
• Light rain caused speed reduction of2 km/h (1.2 mph). 
• Light snow caused speed reduction of 3 km/h (1.8 mph). 
• Heavy rain caused speed reduction of 5 to 10 km/h (3 to 6 mph). 
• Heavy snow caused speed reduction of 38 to 50 km/h (24 to 31 mph). 
Although, Ibrahim and Hall defined rain and snow in light and heavy categories, they 
did not identify the intensity ranges within these categories. Also, their analysis was limited 
to weather and traffic data for six normal days, two rainy days and two snowy days. Even 
though this is a good approach to compare the datasets during the uncongested time periods, 
the sample sizes of very few days might not be adequate for analysis. 
Brilon and Ponzlet [8] concluded that wet roadway conditions caused a reduction of 
9.5 km/h (6 mph) on 4-lane highways, and 12 km/h (7.5 mph) on 6-lane highways. As a 
result, authors concluded that capacity was reduced by 350 vehicles per hour (vph) and 500 
vph, respectively. 
In Germany, there are no maximum speed limits on freeways, which is not the case 
with US freeways. Also, driver behavior in the Germany may significantly vary from driver 
behaviors in the U.S. Thus, Brilon and Ponzlet's results may not be directly applied to 
evaluate capacity and speed reductions, due to wet conditions on freeways in the U.S. 
In developing the guidelines in the HCM 2000 [14] regarding weather impacts of 
freeway capacity and speeds, May considered the effects of capacity and speed reducing 
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occurrences on freeway operations [15]. Using the studies by Ibrahim and Hall and by Brilon 
and Ponzlet, May proposed the flow relationships in the Table 2-1 . These factors are reported 
in the HCM 2000 [14] . 
Table 2-1: Free-flow speed for different weather conditions 
Weather Conditions Recommended Value (km/h) 
Clear and dry 120 (75 mph) 
Light rain and light snow 110 (68 mph) 
Heavy rain 100 (63 mph) 
Heavy snow 70 (44 mph) 
Liang, et al. [11] explored a 72 km stretch ofl-84 (rural section) in southeast Idaho 
and northwest Utah to analyze the impact of fog and snow events on driver speeds. They 
used multiple regression models for analysis and found that the free flow speed was reduced 
by 8 km/h (5mph) and 19.2 km/hr (12 mph) for fog and snow events respectively. They 
concluded that visibility impacts operating speeds according to a logarithmic relationship. 
They found that operating speeds decrease by 1.1 km/hr (0. 7 mph) for every kilometer per 
hour change that the wind exceeds 40 km/hr (25 mph). 
Kyte, et al. [12] studied the same freeway section ofl-84 with an expanded database 
(1997-1999) of weather variables and pavement conditions data from sensors. They used 
multiple regression analysis to identify the impacts on Free Flow Speed (FFS) for four 
weather variables; wind speed, precipitation intensity, visibility, and pavement conditions 
(dry, wet, and icy/snowy). They found that visibility had little impact on operating speeds 
and modified their model for the remaining three variables only. Their results can be 
summarized as follows: 
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• Light rain or light snow showed approximately 50 percent higher reductions than 
stated speed reductions (6 mph) in the HCM 2000. 
• Heavy snow showed 20 percent lower speed reductions than recommended speed 
reductions (31 mph) in the HCM 2000. 
• Wind speeds above 48 km/hr indicated speed reductions by 5.6 mph. 
However, their studies [11, 12] were focused on rural freeway sections, did not 
classify precipitation by intensity, and were highly affected by extreme weather conditions 
e.g., blowing snow and high winds. Thus, the results obtained from these studies may not be 
appropriate for urban freeways segments. 
Smith, et al. [9] also studied the rainfall impacts on average speeds for two freeway 
links in Hampton, Virginia. They obtained average speeds by calculating the average of 
speed values in the uncongested region (speeds> 45 mph) of the speed-flow curve because 
they found the uncongested portion was relatively insensitive to increasing flow rates. They 
obtained speed reductions of 3-5 percent for both light and heavy rain conditions when 
compared to normal weather conditions. Authors showed that the difference between average 
operating speeds for light and heavy rain was not statistically significant using the Scheffe's 
method for multiple comparisons of means. Thus, they concluded that both light and heavy 
rain caused similar reductions in operating speeds, as opposed to the recommendations 
presented in Chapter 22 of the HCM 2000 [14]. 
A text byNeter, et al. [16] on statistical method explains that Scheffe's method is 
generally used to make multiple comparisons of means. Also, this method has certain 
limitations when several comparisons are conducted simultaneously. 
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• Scheff e's method is very sensitive to the violation of normality assumption and 
assumes equal variance for datasets of different factor levels irrespective of their 
sample sizes and distribution. 
• It is generally more appropriate for linear contrasts (linear combinations of more 
than 2 means) than for paiiwise comparisons (comparison of two means). 
Thus, the researchers could have found that difference in operating speeds for light 
and heavy rain was not statistically significant because this method is insensitive to the 
unequal variances of the compared datasets. 
This section concludes that previous studies found different speed reductions due to 
inclement weather conditions. This variation can be attributed to varying driver behavior, 
rural or urban facility type, and availability of weather data. However, it is noticeable that all 
research encourages validation of results by additional research at other freeway locations. 
2.3 Estimation of Freeway Capacities and Average Speeds 
According to the HCM 2000 [14], "the possible freeway capacity represents a 
maximum flow rate that can be expected to achieve repetitively at a single freeway location 
and at all locations with similar roadway, traffic and control conditions without breakdown". 
This definition allows capacity to vary at a given location over time and similar locations in 
different places. Because the maximum volume a highway can carry at any time varies with 
the behavior of the drivers, the vehicle mix, the performance of the vehicles in the traffic 
flow and environmental variables, and maximum traffic volumes are stochastic in nature. 
Research has been conducted in the past to address this issue and is summarized below. 
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Jones and Goolsby [ 5] measured the freeway capacity by using a generalized flow 
density model to analyze the reductions in freeway capacity due to rains. They collected the 
flow and density for 5-minute periods during the peak periods on the Gulf freeway (I-45) in 
Houston, Texas. They chose a generalized flow-density model with three variables: the 
exponent constant, n; the free flow speed, ur; and the jam density, kj. They found an optimum 
value for n of 0. 7, using an iterative procedure (Fibonacci search), which gave the best fit to 
the data for the flow-density model. They called the maximum ordinate of the flow-density 
model as freeway capacity. Thus, they concluded that an iterative procedure is more 
appropriate to compute the value of freeway capacity using a generalized flow-density 
model. 
Polus and Pollatschek [17] took a stochastic approach and divided speed-flow 
regimes into three parts: free flow, dense flow, and unstable flow. They took the intersection 
of two fitted linear regression lines for dense and unstable flow regimes. Polus and 
Pollatschek called the intersection point as momentary capacity because of its stochastic 
nature and ran simulations to generate sizeable sample of momentary capacities. They 
concluded that the 5th percentile of the distribution (2330 vehicles per hour) could be adopted 
as the representative design value of capacity for practice. 
McShane et al. [ 18] took a deterministic approach to determine capacity and 
theorized that operation at capacity is very poor, which means that flow and speeds 
deteriorate rapidly once the maximum sustainable flow rate is achieved. They defined 
capacity value as the highest flow rate of 15 minutes of the peak period. Persaud and Hurdle 
[19] concluded that the mean queue discharge flow is the best suitable approach to measure 
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freeway capacity, because it corresponds to the classical concept of the service rate of a 
queuing system. 
Hall and Agemang-Duah [20] obtained 52-days of data on peak period traffic volume, 
occupancy, and speed from a section of Queen Elizabeth Way in Ontario, Canada to 
investigate the numerical value of capacity using flow rates based on 15-minute time 
intervals. They found that capacities before and after the queue were 2300 passenger car per 
hour per lane (pcphpl) and 2200 pcphpl and defined capacity as queue-discharge flow. 
Wemple et al. [21] collected the data near the freeway sites at I-680, I-880, and 
Caldecott tunnel located in the San Francisco Bay area and calculated standard deviations 
and mean flow rates for each percent occupancy level measured when flows were higher than 
2000 vph (vehicles per hour). While choosing sites, they ensured that selected freeway sites 
did not have transitional geometries such as bottlenecks upstream and downstream (at least 
4000 ft), weaving sections, and lane drops. Their research demonstrated that a mean flow 
distribution follows a normal distribution curve with a mean of 2315 vph and a standard 
deviation of 66 vph. They concluded that capacity is not a fixed number, but a distribution of 
values that one can choose after deciding the probability (e.g., 95 percent) that a particular 
value should not be exceeded. 
Smith et al. [9] took a different approach by using the average of the highest five 
percent observed flow rates collected at 5-minute intervals to calculate the capacity. They 
called this value as effective capacity because this approach (average of the top 5 percentile 
values) was found to minimize the noise in the data. They emphasized this approach requires 
verification of speed-flow relationships that demand has been sufficient to create bottleneck 
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conditions. To compute the average free flow speeds, they took an average of the speeds in 
the uncongested region (speeds greater than 50 mph) using the speed-flow curve. 
It is observed from the above review that much of the previous research considered 
time intervals between five minutes to fifteen minutes to obtain capacity based on flow rates. 
Flow rates based on small time intervals (30 seconds or 1 minute) provide volume estimates 
that can not be practically sustainable for periods as long as an hour. 
Additionally, researchers [ 4, 9] obtained average free flow speeds by calculating the 
average of the speed values above a predefined uncongested speed for the study period. This 
is a reasonable approach to calculate speeds because the upper portion of the speed-flow 
curve is essentially flat and relatively insensitive to congestion. Therefore, it is better to use 
the average of speed values above congested speeds, while considering the impacts due to 
weather and weather intensities. 
Prior research provides insight into the probabilistic nature of freeway capacity and 
different approaches adopted to calculate capacities (maximum flow, specified percentile 
flow, and mean flow). For this research, it is critical to understand that a single number 
(maximum value) obtained, using a deterministic method, may not address the issue of 
randomness involved in the estimation of capacity. Therefore, it is necessary to use a 
probabilistic approach to compute the freeway capacity as suggested by prior research [5, 9, 
17, 20]. This can be accomplished through either selecting a desired probability and a 
confidence interval in which the capacity value will generally lie or compute average of the 
values above a predefined percentile. The next section summarizes the results from the past 
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research related to adverse weather and estimation of capacity and speeds discussed in this 
chapter. 
2.4 Summary of the Literature Review 
As shown in the literature search, the relationships among traffic variables are 
impacted by adverse weather conditions. Research has also shown that rain and snow are the 
primary factors as compared to visibility, cold temperatures, or gusty winds, while causing 
reductions in free flow speeds and capacities for urban and rural freeway segments. This 
literature search also provided useful information on classifying various weather events by 
their intensities or categories to consider their impacts on speeds and capacities. 
This chapter also explored the definition of freeway capacity from the HCM 2000 and 
discussed previous research on the estimation of freeway capacities. It described different 
approaches such as specified percentile flow rate and average of an approximate distribution 
of flow rates. These approaches are equally valid to evaluate weather impacts on freeway 
capacities because the primary objective is to compare percentage reductions for different 
weather intensities. The next section highlights the issues not discussed in detail by prior 
research and can be addressed by this research. 
2.5 Problem Statement 
The above research indicates that various approaches were applied to estimate 
freeway capacities and speeds with a common understanding that capacity can be better 
estimated by using a stochastic approach. Additionally, average operating speed was 
measured by computing an average of the values above the minimum uncongested speed. 
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However, the following issues regarding adverse weather's impact on freeway capacities and 
speeds are still not addressed and require further research. 
• Much of the research pertaining to weather impact is obtained from studies 
outside the U.S. Also, few studies were conducted on urban freeway segments. 
Thus, research should be conducted to expand the limited guidance on weather 
impact on traffic flow for urban freeways, while they operate at or near capacity. 
• It is necessary to relate measures of weather intensities to traffic flow because 
there has been limited research on this issue. This can provide more detailed 
information to traffic managers when trying to make traffic management plans 
and offer motorist guidance in the face of an existing or forecasted storm. 
• Previous studies of weather impact on traffic flow and roadway capacity relied on 
weather data from remote locations. Prior data sets investigated weather's impacts 
on speeds included heavy rains or snow for either few days or during a season in a 
year. Long-term data sets are needed to quantify weather's impacts on traffic flow 
and highway capacity. 
This research attempts to cover the above issues to develop a step-by-step 
methodology to quantify effects of different weather events, as described in Chapter 3, and 
conducts a detailed analysis using a large dataset of weather information from R WIS and 
ASOS sites. 
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CHAPTER 3 - METHODOLOGY 
Chapter 2 described previous research that attempted to quantify the impacts of 
inclement weather on traffic flow variables. This chapter covers a step-by-step process to 
collect weather and traffic data, estimate freeway capacity and average operating speeds. The 
intent of this research is to provide estimates ofreductions in average operating speeds and 
freeway capacities for various weather conditions. 
Chapter 3 is divided into four sections. The first section presents a background on the 
study area and the steps used for data collection and processing from different resources. The 
selection of detectors, weather variables from R WIS and ASOS sites, and extraction of traffic 
data are described. The second section discusses the integration of traffic and weather data. 
The third section explains the method to compute the freeway capacities and average 
operating speeds. The fourth section compares the commonly used statistical methods and 
describes the Bonferroni method to evaluate the statistical significance of reductions in 
average operating speeds and capacities. Finally, this chapter ends with a summary of the 
methodology. 
3.1 Study Area and Data Collection 
The study area is a managed portion of the freeway road network of the Twin Cities 
area, as shown in Figure 3 .1. The study area is one of the most highly populated urban areas 
(approximately 2.9 million in year 2000 according to the U.S. Census Bureau) in the 
U.S.[22]. This region includes several urban freeways (1-494, 1-394, 1-35 W, 1-35 E, 1-694, 
and 1-94) and several Minnesota Trunk highways with segments built to freeway standards 
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(TH-36, TH-100, TH-110, TH-169, TH-10, etc.). These interstates and trunk highways 
frequently face congestion problems due to adverse weather conditions. Weather records 
obtained from the National Climatic Data Center (NCDC) near the airports in the study area 
show the Twin Cities receives appreciable snow (0.11-0.5 inch/hour) for average of 38 days 
per year and heavy snowfall (more than 0.5 inches) for 8 days per year [23]. 
Figure 3.1 shows the study area is well equipped with environmental sensors (RWIS 
and ASOS sites). The study area has seven RWIS environmental sensors installed near the 
interstates around the metro region. These sensors measure temperature at ground level, wind 
speed and direction, pavement surface conditions, and presence of precipitation (but not the 
type of precipitation) at 10-minute intervals. RWIS sensors are operated by the Mn/DOT and 
do not collect information on precipitation type, visibility, and precipitation intensity. This 
information was obtained from ASOS sites at the nearest airport locations in this study area. 
The study area has around 4000 detector loops installed in freeway lanes, which 
summarize and store traffic data for every 30-second time interval. The traffic data (volumes, 
occupancies, and incidents) for this research were obtained from the freeway operation 
division of the Mn/DOT, as shown in Table 3-1. Table 3-1 classifies the data into four 
categories- weather, traffic, physical data, and incident logs. It also discusses the required 
variables under each category and their resources. 
This section identifies the data needs for detector locations, traffic and weather data 
sources for this research and provides information about their resources. The next three 
subsections describe the selection of detectors, extraction of traffic data, and classification of 
weather data by intensities as discussed below. 
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_A RWIS sites + ASOS sites 
Figure 3.1: Freeway road network around the Twin Cities region 
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Table 3-1: Data types, variables and resources 
Type Variables Source 
Precipitation type and intensity, 
National Climatic Data Center 
visibility, 
www.ncclc.noaa.gov 
wind speeds, and wind directions 
Weather 
Road Weather Information System 
Data Pavement surface conditions, 
Environmental Sensor Systems (ESS) 
surface temperature, wind speed 
www.rwis .state.dot.nm.us 
and direction 
Traffic Management Center (TMC), 
Traffic Roseville, Minnesota 
Volume, occupancy 
Data http: //www.d.umn.edu/-tkwon/TMCdata/ 
TMCarchive.html 
Detectors, number of lanes, 
Physical 
detector locations, lane Mn/DOT - Freeway Operations 
Data 
geometries 
Incident Log Duration, location of incidents Mn/DOT - Freeway Operations 
3.1.1 Selection of Detectors 
This study assumed that road weather information for freeway sites could be collected 
from R WIS environmental sensors near the loop detectors to find a close match between the 
traffic detector locations and RWIS environmental sensor locations. The locations of detectors 
in the vicinity ofRWIS environmental sensors were identified using maps provided by the 
freeway operations division of the Mn/DOT. It was easier to locate the detectors near RWIS 
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sensors, because these sensors are also placed near the interstates of the Twin Cities. The 
detector location maps also provided information about the detectors' relative placement (e.g., 
right, through or left lanes). This information was utilized to exclude detectors that belonged to 
weaving sections, lane drops, and significant grades that might impact freeway capacities and 
operating speeds. 
2 5 mile buffer region 
+ ASOS sites 
Figure 3.2: Identification of road segments with in 2.5 miles of airport locations 
To obtain the detectors near ASOS sites, a buffer region of 2.5 miles radius was 
created around ASOS sites using Arc View GIS 3.2. Figure 3.2 shows the buffer region 
around ASOS sites that includes freeway locations near the airports. The detectors along the 
freeways and state trunk highways in the buffer region were selected for further analysis. 
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Detectors were selected such that were not located in transitional geometries (e.g., lane 
drops, weaving sections, etc.). Appendix A lists the location of detectors used for data 
collection and their field lengths. 
This section provides an insight into the use of detector location maps and Arc View 
GIS 3.2 to identify the detector locations for analysis of weather impacts. The next section 
explains the procedure for obtaining traffic data for the selected detectors in this section. 
3.1.2 Extraction of Traffic Data 
The University of Minnesota Duluth (UMN), Minnesota maintains traffic data in a 
particular format (yyyymmdd) in a chronological order. For example, 20000101.traffic 
means this file contains volume and occupancy data for a 24-hour period for all detectors. 
Figure 3.3: Traffic data extractor utility tool provided by UMN, Duluth 
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To summarize detector data to ten-minute intervals from multiple files And, these 
data were collected on 1st January, 2000 for every 30-second time interval. The volume and 
occupancy data can be extracted by using utility software (DetExtractor V3.4) developed by 
TMC, UMD. Also, it allows the users to select detectors and a desired time interval (e.g., 30 
seconds, 1 minute, 5 minutes, 10 minutes, etc.), as shown in Figure 3.3 a. 
Simultaneously, the programming code of the utility software was also modified and 
a new version (Det Extractor V3.5) was created using Visual Basic, as shown in Appendix B. 
The objective of this modification was to automate the process of summarizing collecting 
traffic data. The present software utility program has a limitation of extracting one file 
(traffic data for a day) at a time for selected detectors. For example, the modified version can 
automatically extract the traffic files for the entire year of 2000 (366 days) for chosen 
detectors. Later, these generated traffic data were merged in a single dataset using a simple 
code developed in Visual Basic, as presented in Appendix C. 
RWIS stations were first assumed to provide data that was accurate weather 
information. The data from the R WIS sensors were summarized and stored in 10-minute time 
intervals. Therefore, a ten-minute interval was used as the standard to summarize data for all 
data types for this research. Prior research [24, 25] also confirmed that time intervals between 
5-15 minutes are appropriate to compute flow rates for an hour. A 10- minute interval was 
considered a more meaningful time length for summarizing traffic flow and speeds because 
smaller time intervals (30 seconds, 1 minute) may include surges of traffic not sustainable 
over more than a few minutes. 
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The next step was to calculate speed and flow rates for the traffic data of selected 
detectors. As the Mn/DOT does not maintain speed detectors on the freeway system but 
instead estimates speeds using flow and occupancy data, Equations (2.2) through (2.4) were 
modified to calculate speed, flow, and density for 10-minute time intervals. 
Flow= Number of Vehicles/Hour= (Number ofvehicles/10-minutes) x 6 (3.1) 
Density= Vehicles/Mile= (5280 x Occupancy)/ (Field Length x 100) (3.2) 
Speed =Flow/Density (3.3) 
It is true that the average field length (detector lengths plus vehicle lengths) can vary, 
due to the varying proportion of long vehicles and eventually the field length can change 
over a long period of time. However, a recent study by Coiffman [26] concluded that the use 
of a single estimate of vehicle length is valid an extended range of occupancies, provided 
proper parameters (e.g., time mean speed instead of space mean speed) are measured and 
round off errors are avoided from occupancy data. 
This research assume constant field length of detectors to compute flow, speeds and 
density while it is true this limitation may introduce a few errors, speed and flow 
measurements at the same detector were found to be consistent with time. Therefore, as long 
as comparisons are made for the same detectors with or without the effects of weather, 
capacities and speeds estimates should be consistent for the analysis. For example, if the 
detector estimates occupancy with an error of +5% during clear days it should also estimate 
speed with the same error during inclement weather days. Thus, the relative change in speed 
should be consistent from detector to detector even if the absolute speed is not. 
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This section explained the process of extracting traffic data and modification of the 
programs for the use of this research. The issues related to vehicle lengths and the history of 
detectors' field lengths were addressed in this section as well. The next section describes the 
classification of weather data used to analyze the quantitative relationship between traffic and 
weather data. 
3.1.3 Classification of Weather Data 
This research classified the weather variables by their intensities to understand their 
quantitative impacts on traffic flow variables. Using similar weather intensities and 
classifications adopted by previous research, this study compared the results of this research 
with prior research. Currently, there is no standard guidance available for this purpose. 
Various weather types by intensities were classified into different groups, which are 
described as follows. 
3.1.3.1 Pavement Surface Conditions 
The data obtained from the Mn/DOT' RWIS sensors were classified by pavement 
surface conditions as dry, wet, and snowy/icy conditions. Previous research by Brilon and 
Ponzlet [8] showed these classifications are valid for analyzing impacts of pavement surface 
conditions on traffic flow variables. Thus, this research considered three categories (dry, wet, 
snow/icy) of pavement surface conditions for analysis. 
3.1.3.2 Rain 
This research used the similar classification of rain intensities as the one used by 
Smith et al. [9], except for the inclusion of the "Trace" category. They identified light and 
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heavy rains by categorizing precipitation into intensity ranges. This research divided rain 
data into four intensity intervals, as shown in Table 3-2. 
Table 3-2: Rain intensity classifications 
Rain Category Rainfall Intensity (inch/hour) 
None 0 
Trace < 0.01 
Light 0.01-0.25 
Heavy > 0.25 
3.1.3.3 Snow 
Prior research did not classify snow events by their intensities and only categorized it 
by light or heavy snow. Thus, this research classified snow intensities based on the 
availability of an adequate dataset to assume appreciable speed-flow and flow-occupancy 
relationship, as discussed in Chapter 2. Table 3-3 shows that snow events were categorized 
into four categories of trace, light, moderate, and heavy snow by intensity ranges. 
Table 3-3: Snow intensity classifications 
Snow Category Snow Intensity(inch/hour) 
None 0 
Trace <= 0.05 
Light 0.06-0.1 
Moderate 0.11-0.5 
Heavy > 0.5 
3.1.3.4 Temperature 
Ries [6] identified a significant decrease (10 percent) in capacity for temperatures 
below -20° Celsius (-4° F). Although, Ries [6] did not classify the temperature data into 
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groups, this study attempted to classify the temperature data into four groups because it has a 
richer database of temperatures obtained from the Mn/DOT' RWIS sensors. This study 
classified the temperature into four groups, as shown in Table 3-4 below. 
Table 3-4: Temperature classifications 
Temperature groups Temperature (iu ° Celsius) 
1 >10° 
2 10°-1° 
3 0°- (-20°) 
4 < -20° 
3.1.3.5 Wiud Speeds 
A few studies [6, 11,12] were conducted earlier on impacts of wind speed data on 
freeway traffic flow variables. Based on previous research and adequate sample sizes (at least 
30) for each wind group, wind speeds were categorized into four groups, as shown in Table 
3-5. 
Table 3-5: Wind speed classifications 
Wind Groups Wind Speed (km/hour) 
1 < 16 
2 16-32 
3 > 32 
3.1.3.6 Low Visibility 
This research used different categories of visibility data than compared to prior 
research [11, 12] because visibility data were obtained from ASOS sites that collect visibility 
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(statue miles) in fractions from l/161h of a mile to 10 miles. Visibilities were categorized into 
four categories, as shown in Table 3-6. 
Table 3-6: Visibility classifications 
Visibility Groups Visibility (Statue miles) 
1 > 1 
2 0.51-1 
3 0.25-0.50 
4 < 0.25 
This section addresses an important issue of further classification of a particular type 
of weather data into categories by intensities. Although many studies identified the categories 
of weather variables, not many classified these variables by their intensities. The 
classification of weather by intensities has become more important with the advent of 
Intelligent Transportation Systems (ITS) technology to optimize the traffic flow 
characteristics during a specific weather event of certain intensity. Once, the traffic data were 
extracted and weather data were classified in categories, the next step was to integrate 
weather and traffic data, as discussed below. 
3.2 Integration of Traffic and Weather Data 
This section is divided into two parts. First, an integrated database containing traffic 
and weather information on pavement surface conditions, surface temperature, and wind 
speeds was prepared for detectors near RWIS sites. Second, an integrated database was 
developed that included traffic data and weather data on precipitation type and intensity, low 
visibility, and wind speeds from ASOS sites. RWIS sensors do not provide weather 
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information on precipitation type and intensity, low visibility, wind speeds and provide false 
readings (as will be seen) and, therefore, data from ASOS sites were used to filling for the 
missing weather measurement not available from R WIS stations. 
3.2.1 Integration of Traffic and Weather Data from RWIS Sites 
This step was accomplished by combining traffic and weather data with constraints of 
similar date, hour, and 10-minute intervals. Different datasets were prepared and analyzed for 
each weather condition (pavement surface conditions, pavement surface temperatures, and 
wind speeds) with traffic data at 10-minute intervals. A preliminary analysis of the database 
for pavement conditions and traffic data was conducted to investigate flow-occupancy 
relationship, as shown in Figures 3.4 through 3.6. These figures showed two flow-occupancy 
regimes for each weather condition (dry, wet, and icy), which did not follow the expected 
flow-occupancy trend [3]. Experience with these curves lead to the belief that upper line 
represents points when the pavement is actually clear and the lower points represent time 
when a weather condition (icy or wet pavement) is resulting in lower capacity. Therefore, for 
the Figure 3.4 (dry conditions), the data points in the lower line represent false readings and 
for Figure 3.5 (wet conditions) and 3.6 (icy conditions) the upper line represents false 
readings. Due to the high incidences of false readings, pavement condition data from the 
RWIS sites were not used in further analysis. 
The database on winds and temperature were also prepared and flow-occupancy 
relations were examined to verify whether RWIS sensors were giving accurate information 
on these variables. The database for wind speeds and traffic data showed two linear 
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relationships for flow-occupancy regimes for different ranges of wind speeds similar to 
figures as shown below. 
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.,. ~ . 
..... ·.· • , 
· .... .. . : ....... · .. ": .. 
Of"-.,~~~-,--~·~·~~--.--~·-·-··~·~~~~~~--~~--4 
0 10 20 3b 40 50 
Occupancy (percentage) 
Figure 3 .5: Flow vs. occupancy for wet pavements 
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Figure 3.6: Flow vs. occupancy for snowy/icy pavements 
However, the flow-occupancy relationships for the database for temperature and 
traffic data showed the expected trend (single linear relationship), similar to Figure 3.7, and 
expected results were obtained, which will be discussed in Chapter 4. These findings were 
shared with the Office of Maintenance of the Mn/DOT and Maintenance personnel 
confirmed that reads from the R WIS environmental sensors were in fact suspect. As a result, 
this research did not analyze the impacts of pavement surface conditions and wind speeds on 
freeway traffic flow variables using R WIS data. Also, it was decided to use the available 
weather information on precipitation intensity, wind speed and direction, and visibility data 
obtained from ASOS sites near the airports within the study area for preparing different 
databases on weather and traffic data. 
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3.2.2 Integration of Traffic and Weather Data from ASOS Sites 
The weather data reported by ASOS sites are not organized by a specific time 
interval, but provide information on the amount of precipitation (inch/hour) and the start and 
end timings of precipitation. The weather data were integrated with the traffic data using a 
few rules. For example, if the weather data indicate that rain started at 7:23 am and ended at 
7:53 am, and the hourly precipitation was 0.2 inches, the time intervals for traffic data from 
7:20 am to 8:00 am are assigned a precipitation intensity of 0.4 inches per hour (it actually 
rained 0.2 inches for 30 minutes which equals and intensity of 0.4 inches per hour). Once, 
precipitation type and intensities were assigned, the data were divided into separate databases 
ofrainy, snowy, and clear weather. Different categories of rain and snow were assigned 
thereafter using the values in Tables 3.2 through 3.6, as discussed in Section 3.1.3. 
Similar rules were applied to prepare the database for extreme winds in the opposite 
direction of travel and low visibility conditions. First, data on wind speed and direction and 
on visibility were assigned to the corresponding time intervals of traffic data. Then these data 
were assigned to the successive time intervals of traffic data, until there was an indication of 
change in wind speed and visibility. The database for winds was further modified by 
including only those records where the direction of travel was found opposite to the wind 
direction as prior research [ 6] suggested that winds in the same direction of travel did not 
show significant impacts on traffic flow variables. Similar analyses were conducted to 
ensure that a single linear relationship for flow-occupancy and parabolic speed-flow 
relationships existed for databases of various weather conditions (e.g., rains, snow, 
temperature, wind speeds, and low visibility) and intensity ranges, as shown in Appendix D. 
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As a result, it was concluded that databases having weather information from ASOS 
sites were valid for further analysis of weather impacts on freeway capacities and average 
operating speeds. 
3.3 Estimation of Freeway Capacities and Average Operating Speeds 
This section is divided into two parts- an approach to calculate freeway capacity is 
described and a method to calculated average operating speed for any given weather type and 
intensity range are discussed. This research modified the approaches used in prior research 
[ 4, 9] to calculate freeway capacities and average operating speeds. 
3.3.1 Estimation of Freeway Capacities 
This research used the maximum observed throughput approach as described by 
Smith et al. [9]. They found that the mean of the highest 5 percent of the flow rates observed 
by a detector represented the effective freeway capacity. This method of estimating capacity 
is chosen, due to following advantages over other approaches discussed in Chapter 2. 
• This approach (average of top 5 percent flow rates) ensures that there is 95 
percent probability that obtained capacity value will be higher than flow rates for 
a chosen dataset. Therefore, it can be concluded that a freeway segment will be 
able to clear the maximum number of vehicles at least 95 percent of the time, 
which is a reasonable conservative estimate for this study. 
• This approach considers the stochastic nature of freeway capacity as discussed in 
Chapter 2 that freeway capacity cannot be assumed as a single number. 
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• This approach fits with the primary objective of this research to determine the 
percentage changes in freeway capacities and operating speeds due to various 
weather type and weather intensities. 
Speed- flow and flow-occupancy relationships were checked to ensure they follow 
the expected trends of parabolic shape and a linear relationship, respectively. Additionally, 
the data quality was further enhanced by excluding times when there were incidents. 
The observation from incident logs indicated that incidents (e.g., crashes and stalled 
vehicles) and work zones situations caused gridlock situations or occupancies that were 
dramatically increased (occupancy > 50 percent) and consequently reduced the speeds to 30 
mph or less. Additionally, lower occupancies(< 5 percent) showed unsustainable speed 
values (> 80 mph). Thus, a constraint of speeds between 30-80 mph was included to 
minimize the sensors' errors and avoid time period when incident impacted traffic flow. 
Moreover, a minimum flow rate of 1,000 vph or greater was introduced to exclude the 
low volume conditions. The integrated data for each selected detector and weather category 
were arranged in an ascending order of flow rates and the 95th percentile value was calculated 
using SAS 9.1. The top 5 percent of the observed flow rates are shown in Figures 3.7 and 3.8 
above by (x) marks with grey color. Finally, the freeway capacity for each detector while 
experiencing a selected weather type (e.g., snow intensity between 0.11-0.5 inch/hour) was 
obtained by calculating the average of the values higher than the 95th percentile value. 
This section described a modified approach to calculate the freeway capacity, which 
was conceived after introducing a few constraints. The values of constraints (speeds between 
30-80 mph and flow rates > 1000 vph) were implemented after a careful examination of the 
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data. Also, these constraints meet the objective of estimating percentage reductions due to 
inclement weather. This approach was applied uniformly to all datasets for various weather 
types and intensities and results were obtained as discussed in Chapter 4. The next section 
describes the approach to estimate average operating speeds. 
3.3.2 Estimation of Average Operating Speeds 
Previous studies [ 4, 9] showed the uncongested portion of speed-flow relationships 
could be used to compare the adverse weather impacts on average operating speeds. The 
uncongested portion of the speed-flow relationship was examined for the expected 
relationship (parabolic), as shown in Figure 3.8. Also, prior research [9,27] indicates that 
speeds are relatively insensitive to the increasing flow rates for the uncongested portion 
(speed> 45 mph) until congestion commences. Therefore, to compare the changes in speeds 
due to each weather type and intensity, speeds (between 45-80 mph) weighted by flow rates 
were calculated to compute the average operating speed. The lower limit of 45 mph was used 
as a minimum uncongested speed and an upper limit of 80 mph was considered to exclude 
the errors in the data for 10-minute intervals. 
This research modified the approach used by other studies [ 4, 9] to calculate the 
average operating speeds by using the speeds weighted by flow rates instead of using simple 
mean of speed values higher than a predefined minimum uncongested speed of 45 mph. The 
formula to calculate the average operating speed is described as follows: 
(3.4) 
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where: Qj = Flow rate for j1h record in the dataset, 
Vj =Speed (mph) for j1h record in the dataset, and 
Y avg = Average operating speed for a given dataset. 
This approach is more meaningful for this research because many discrepancies can 
be avoided using weighted mean values. For example, many times higher speed values might 
be indicated for 10-minute intervals during periods of low volume conditions (e.g., off peak 
hours) for a particular weather intensity range (e.g., rain intensities between 0.01-0.25 
inch/hour) and results might be misleading by just calculating an average of speed values. 
Thus, this section provides insight into a modified approach to calculate average 
operating speeds considering flow rate as a weight parameter. Also, this procedure requires 
prior examination of the speed-flow relationship for each weather type and selected weather 
categories to ensure that the relationship is valid and datasets follow the trends established by 
traffic flow theory. 
3.4 Selection of Statistical Method to Compare Capacities and Operating Speeds 
This study required a suitable statistical method to compare the statistical significance 
of differences among computed freeway capacities and average operating speeds. A review 
of selected available literature [16] and prior research [9] was conducted. Bonferroni, 
Scheffe, and Tukey methods were found as the most widely used approaches for multiple 
comparisons of means. After a careful review of the available statistical methods, the 
following features of the Bonferroni method compared to other methods are highlighted. 
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• This method does not assume equal variance among data sets of different weather 
intensity levels. 
• It does not require equal sample sizes for datasets of various groups to be 
compared. 
• A good method when comparing many pairs simultaneously, because it further 
modifies confidence coefficient a (type I error) for different number of 
comparisons by dividing the chosen alpha level with desired number of 
comparisons (e.g., a*= a.Jg), where g is the number of comparisons. 
• Comparison of means using the Bonferroni method is not sensitive to violation of 
normality assumption until skewness remains within tolerance limits 
(abs(skewness)/sqrt(N) < .25). Skewness for a data set can be measured as 
follows. 
i=n 
~)r;-r)3 
skewness = i=l 3 (N-1) (3.5) 
where Y is the mean, s is the standard deviation, and N is the number of data 
points. 
• This method gives a smaller confidence band (the most conservative interval) 
than Scheffe's method. 
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Based upon the above qualifications and advantages, as compared to other methods, the 
Bonferroni method was selected for the verification of the statistical significance of 
differences for speeds and capacities of various weather types and weather intensities. The 
next subsection describes the Bonferroni method [ 16] in detail. 
3.4.1 The Bonferroni Method 
The Bonferroni method applies to an Analysis of Variance situation when the analyst 
has selected a set of pairwise comparisons, contrasts, or linear combinations in advance. This 
method guarantees that an overall confidence coefficient is maintained, even though pairwise 
comparisons are made simultaneously. 
Formally, the Bonferroni general inequality is presented by: 
(3.6) 
i=l i=l 
where A; and its complement A; are any events and g is the number of comparisons to 
be made. 
In particular, if each A; is the event that a calculated confidence of a for a particular 
linear combination of treatments includes the true value of that combination, then the left-
hand side of the inequality is the probability that all of the confidence levels simultaneously 
cover their respective true values. Therefore, if simultaneous tests are desired with an overall 
confidence level of a, one can construct a confidence coefficient of a lg for each test, and the 
Bonferroni inequality ensures that the overall confidence coefficient is at least a. For 
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example, there are five different groups for a snow events as discussed above, thus 10 
different pairwise comparisons can be made simultaneously to verify the statistical 
significance of differences at a modified er of 0.005, which will give an overall confidence 
level of 0.05. Thus, the Bonferroni method further modifies the confidence level a after 
dividing it by number of desired comparisons to verify the statistical significance of each 
pairwise difference. 
The generic form of linear contrasts for means is as follows: 
j=n 
(3.7) 
'L,ChJO'J lnj) 
j=I 
where µj =Mean of the /h dataset, 
O'J =Sample variance of the /h dataset, 
nr Number of samples in j1h dataset, 
a= Level of significance (0.05). 
hj = Coefficient of contrast, and 
t is compared with tw12, v where er is the Bonferroni adjusted alpha level. 
The comparison for two mean values takes the following form, which is used in this 
research. 
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(3.8) 
(
(J'2 (J'2 J2 
_ I + - 2 
n1 n2 
where v =------------- (3.9) 
This procedure was performed as at-test for pairwise comparisons using the 
Satterthwaite method of unequal variances and the Bonferroni adjustments through statistical 
software package SAS 9 .1 . The standard error is computed for each pairwise comparison. 
Therefore, it does not require equal variance assumption as used by Scheffe's and Tukey's 
methods. Also, it gives more conservative results than the other methods. Therefore, this 
method was applied to compare freeway capacities as well as average operating speeds at 
different weather intensities to verify the statistical significance of differences. 
3.5 Summary of Methodology 
The methodology presented provides the steps to calculate and compare freeway 
capacities and average operating speeds for various weather and weather intensities. This 
process was accomplished through software packages; Arc View GIS 3.2, Visual Basic, MS 
Access 2003, JMP, and SAS 9.1 to determine the detector locations, traffic data, freeway 
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capacities, speeds and flow-occupancy, and speed-flow relationships. Statistical methods can 
then be applied to determine the statistical significance of differences of capacities or speeds 
at different weather intensity levels using a program in SAS 9.1, as shown in Appendix E. 
The next chapter presents the analysis of results for freeway capacities and speeds at 
various weather categories ofrain, snow, temperature, wind speeds, and low visibility 
conditions. 
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CHAPTER4-DATAANALYSIS 
Chapter 3 presented the methodology to prepare integrated databases for weather and 
traffic data for estimation of freeway capacities and speeds. Also, it described the Bonferroni 
method to test the statistical significance of differences in capacities and speeds for various 
weather conditions. This chapter examines the reductions in freeway capacities and speeds 
for various weather variables (rains, snow, temperature, winds, and low visibility conditions) 
categorized by intensities (e.g., rain intensities of < 0.01, 0.01-0.25 and > 0.25 inch/hour) 
using the methodology described in Chapter 3. Rain, snow, and low visibility were found the 
most critical weather variables causing reductions in capacities and average operating speeds. 
Descriptive statistics of the output for each detector are presented in Appendix F and average 
percentage reductions are reported in subsections 4.1.1through4.1.5. These subsections also 
compare the results of this study with previous research and current guidance available in the 
HCM 2000. Finally, this chapter ends with summary of the results. 
4.1 Effects of Adverse Weather Conditions 
Although study area has seven RWIS environmental sensors, five RWIS sensors were 
selected for data analysis, because two RWIS environmental sensors (1-35 over Mississippi 
River, TH-169) do not collect weather data during the analysis period. Additionally, three 
ASOS sites near the airports (Minneapolis-St. Paul International [MSP], Minneapolis Crystal 
[MIC], and St. Paul Downtown [STP]) were chosen, because freeway sites near the two other 
airport locations (Flying Cloud Airport and Anoka County Airport) are more than 2.5 miles 
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apart or are installed with pneumatic tubes instead of loop detectors, which do not collect 
traffic volumes and occupancy data. 
As described in Chapter 3, weather conditions were categorized by their intensities. 
For a particular weather category, freeway capacity and average operating speed were 
obtained for each selected detector using databases analyzed through code in the SAS 9 .1. 
Next, capacities and speeds across different weather categories for each weather type (e.g., 
rain, snow, fog, wind speeds, temperatures) were examined for statistical significance of 
differences using the Bonferroni method at modified a* as described in Chapter 3. The value 
of the confidence coefficient a was chosen as 0.05, which is a commonly adopted value for 
engineering studies. 
The next step was to calculate an average of freeway capacities and speeds for all 
detectors near a R WIS or ASOS site, corresponding to every weather category. These 
average values were then compared to evaluate the percentage reductions in freeway 
capacities and speeds for a particular weather location (e.g., an ASOS site). For example, 
nine detectors were selected near the MSP to analyze the impacts of rain on capacities. First, 
capacity values for each selected detector and rain category were calculated using the 
approach described in Section 3.3.1. For each rain intensity level (e.g.,< 0.01, 0.01- 0.25, 
and >0.25 inch/hour), an average of capacities for the nine detectors was computed. 
Percentage reductions in capacities and operating speeds were calculated for each rain 
category with respect to clear weather conditions and graphs were plotted to identify 
decreasing trends. 
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This research uses the percentage reductions of speeds and capacities as a measure of 
the impact of inclement weather, because percentage reductions in traffic flow variables are 
easier to understand then decreases in speed and capacity values. Also, these quantitative 
estimates of reductions in speeds and capacities can be applied for other urban freeway 
segments in the U.S. The next five subsections examine the quantitative impacts of each 
weather category on traffic flow variables and compare the results with prior research. 
4.1.1 Rain 
The rain data were divided into four categories (0, < 0.01, 0.01-0.25, and> 0.25 
inch/hour) for the analysis of impacts of rain on freeway capacities and speeds. The 
capacities and speeds for three categories(< 0.01, 0.01-0.25, and > 0.25 inch/hour) were 
compared with those for the first category (0 inch/hour) to investigate the extent of the 
reductions of capacities and speeds for each rain category. 
Table 4-1: Average number of days per year for rain conditions 
Heavy Rain (0.25 inch/hour) Light Rain (0.01-0.25 inch/hour) 
Airport Number of Reductions Reductions in Number of Reductions in Reductions in Code 
Days in Capacity Average Speeds Days Capacity Average Speeds 
MSP 28 5% 4% 83 10% 7% 
MIC 25 5% 4% 81 14% 6% 
STP 21 10% 3% 67 17% 5% 
Table 4-1 shows the average number of days per year for severe weather conditions 
during the study period, which indicates that light and heavy rain (0.01-0.25 and> 0.25 
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inch/hour) occur frequently in the Twin Cities region. Therefore, it is important to identify 
the impact of rain on freeway capacity and operating speeds. 
The capacities and speeds for light and heavy rain (0.01-0.25 and > 0.25inch/hour) 
showed statistically significant different reductions, when compared with normal weather 
conditions. On the other hand, capacities and speeds for trace amount of precipitation(< 0.01 
inch/hour) did not show statistically significant reductions in capacities and operating speeds, 
as shown in Tables F.1 through F.3 in Appendix F. 
The freeway sites near the airport locations, MSP, MIC, and STP showed average 
capacity reductions of 5.67, 5.94, and 10.10 percent, respectively, for light rain (0.01-0.25 
inch/hour) and 10.72, 14.01, and 17.67 percent, respectively, for heavy rain(> 0.25 
inch/hour), as shown in Figures 4.1 through 4.3 below. 
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Similarly, speed reductions of 4.64, 4.23, and 2.81 percent, respectively, for light rain 
(0.01- 0.25 inch/hour), and 6.85, 6.3 7, and 4.94 percent, respectively, for heavy rain (> 0.25 
inch/hour) were found. Statistical analysis showed that differences in speeds for both light 
and heavy rain (0.01-0.25 and > 0.25 inch/hour) were not statistically significant for 10 
detectors, as shown in Tables F.1 through F.3 in Appendix F. 
From the above results, it can be concluded that reductions in capacities, due to heavy 
rams (> 0.25 inch/hour), are almost double of reductions due to light rain. Also, these 
reductions are statistically significant when compared to each other or no rain conditions. 
However, operating speeds for light and heavy rain (0.01-0.25 and >0.25 inch/hour) are not 
statistically different, when compared with each other. Thus, it can be concluded that impacts 
of heavy rain on operating speeds are no more different from light rain. 
4.1.2 Snow 
Datasets for snowfall events were categorized into four different snow categories of 
trace, light, moderate and heavy(<= 0.05, 0.06-0.1, 0.11-0.5, and > 0.5 inch/hour, 
respectively), as described in Chapter 3. Table 4-2 shows the frequency (average number of 
days per year) for moderate and heavy snow in the study area. Even though heavy snow is 
not as frequent as moderate snow, heavy snow is found to be a primary reason for reductions 
in freeway capacities, operating speeds, higher crash rates and incidents, as shown in prior 
research [3, 4, 6, 28] . Thus, it is important to consider the effects of snow categories in the 
Twin Cities region. 
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Table 4-2: Average number of days per year for moderate and heavy snow conditions 
Snow Intensity (>0.5 inch/hour) Snow Intensity (0.11-0.5 inch/hour) 
Airport Number of Reductions Reductions in Number of Reductions in Reductions in Code Days in Capacity Average Speeds Days Capacity Average Speeds 
MSP 8 19% 19% 44 7% 8% 
MIC 13 20% 15% 44 12% 10% 
STP 12 28% 13% 37 13% 9% 
The freeway sites near the three airports (MSP, MIC, and STP) showed capacity 
reductions of 3.93, 5.51, and 3.44 percent, respectively, for trace amount of snow(< = 0.05 
inch/hour); 8.98 ; 11.53, and 5.48 percent, respectively, for light snow (0.06-0.1 inch/hour); 
7.45 , 12.33, and 13 .35 percent, respectively, for moderate snow (0.11-0.5 inch/hour); and 
19.53, 19.94, and 27.82 percent, respectively, for heavy snow(> 0.5 inch/hour), as shown in 
Figures 4.4 through 4.6. Statistical results showed reductions in capacities with respect to 
normal weather conditions were statistically significant for all selected snow categories. 
However, differences in capacities and speeds for light and moderate snow conditions were 
not statistically significant for about 17 detectors, as shown in Tables F.4 through F.6 in 
Appendix F. 
This research conducted a comprehensive analysis of snow impact on traffic flow 
variables by categorizing snow into intensities ranges, which was not found in the manual 
and prior studies. For example, the HCM 2000 shows that light snow causes 5-10 percent 
reductions in capacity, and this study shows reductions of 3-5, 6-11, and 7-13 percent for 
trace, light, and moderate snow ( < = 0.05, 0.06-0.1, and 0.11-0.5 inch/hour, respectively). 
Also, capacity reductions of 19-28 percent for heavy snow (>0.5 inch/hour) compares with 
the 25-30 percent reductions shown in the HCM 2000. 
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Similarly, speed reductions of 3.8, 3.58, and 5.14 percent, respectively, for trace 
amounts of snow(<= 0.05 inch/hour); 9.03, 8.56, and 7.02 percent, respectively, for light 
snow (0.06-0.1 inch/hour); 8.56, 10.52, and 9.11 percent, respectively, for moderate snow 
(0.11-0.5 inch/hour); and 11.20, 15.56, and 13.62 percent, respectively, for heavy snow (>0.5 
inch/hour) were obtained, as shown in Figures 4.4 through 4.6. The statistical analysis 
showed that differences in operating speeds for light and moderate snow (0.06-0.1 and 0.11-
0.5 inch/hour) were not statistically significant for 17 detectors, as shown in Tables F.4 
through F.6 in Appendix F. 
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Speed reductions of3-5, 7-9, and 8-10 percent for different snow categories(< = 
0.05, 0.06-0.1, and 0.11-0.5 inch/hour, respectively) appear to be in harmony with the 
recommended reductions(< 10 percent) due to light snow conditions, as stated in the HCM 
2000. However, this study conducts a more detailed evaluation of percentage reduction in 
speeds for various snow categories. Conversely, speed reductions of 11-15 percent for heavy 
snow(> 0.5 inch/hour) significantly differ from the recommended speed reductions (30-40 
percent) in the HCM 2000. However, these large variations in speed reductions for heavy 
snow from this study can be explained by differences in freeway locations (urban or rural), 
drivers ' familiarity, moderate occurrences of snowstorms, or better winter maintenance 
activities in the Twin Cities region. 
Thus, it can be concluded the all selected snow categories showed statistically 
significant reductions in capacities and speeds compared with no precipitation. Although, 
light and moderate snow impacts were found almost similar, heavy snow(> 0.5 inch/hour) 
showed significantly lower reductions in speeds and capacities than recommended in the 
HCM 2000. This difference indicates that reductions in operating speeds due to heavy snow 
might be overstated in the HCM 2000 for urban freeway segments and requires additional 
research to validate these results. 
4.1.3 Temperature 
The surface temperature for detectors near ASOS sites were collected from nearby 
RWIS sites, because ASOS sites do not collect pavements' surface temperatures. Surface 
temperature data were obtained from RWIS sites (1-35@ Minnesota River, 1-494@1-94, 1-35 
E@ Cayuga St. Bridge) and integrated with traffic data from freeway sites near the airports 
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MSP, MIC, and STP, respectively. Databases containing temperature for freeway sites near 
the airports (MSP and MIC) were categorized into four different groups (> 10°, 10° -1°, 0° -(-
20°), and < -20° Celsius). However, the analysis showed the surface temperature data from 
the RWIS site (1-35 E@ Cayuga St. Bridge) near the St. Paul Downtown Airport were 
insufficient to show a linear trend of flow-occupancy and a parabolic speed-flow relationship 
for cold temperatures(< -20° Celsius), as shown in Figures 4.7 and 4.8. 
Also, RWIS data indicated that cold temperature events(< -20° Celsius) were less 
frequent for the St. Paul Downtown Airport, as shown in Table 4-3 . Thus, the database 
containing temperature and traffic data collected for freeway sites near the St. Paul 
Downtown Airport were not used to analyze the temperature effects. 
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Figure 4.7: Flow vs. occupancy for surface temperatures(< -20° Celsius) 
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Figure 4.8: Speed vs. flow for cold temperatures(< -20° Celsius) 
Table 4-3: Average number of days per year for severe cold temperatures 
Temoetature (< -20° Celsius) 
Airport 
Number of Reductions Reductions in Code 
Days in Capacity Average Speeds 
MSP 10 10% 3% 
MIC 8 4% < 1% 
STP 4 Not Analyzed Not Analyzed 
These datasets did not show statistically significant reductions(< 3.6 percent) on 
average speeds and capacities except the reduction in capacities (6.5-10 percent) for cold 
temperatures(< -20°Celsius), as shown in Figures 4.9 and 4.10 below, and Tables F.7 and 
F.8 in Appendix F. 
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Figure 4.9: Analysis for varying surface temperatures for freeway sites 
near the Minneapolis-St. Paul International Airport 
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Figure 4.10: Analysis for varying surface temperatures for freeway sites 
near the Minneapolis Crystal Airport 
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Although reductions in capacities and speeds were not statistically significant for 
temperature categories (10 ° -1° and 0° -(-20°) Celsius), severe cold temperatures ( < -20° 
Celsius) showed significant reductions (10 percent) in capacities. These results reconfirm the 
cold temperature effects obtained by Ries [6] and provide an additional guidance to traffic 
managers presently not available in the HCM 2000. 
4.1.4 Wind Speed and Directions 
Datasets on gusty winds were categorized into three different groups (<16, 16-32, and 
>32 km/hr) in the opposite direction of travel for freeway sites near the airports (MSP and 
MIC). Wind speed data from ASOS sites indicated that gusty winds(> 32 km /hr) were less 
frequent for the St. Paul Downtown Airport than the two other airports (MSP and MIC), as 
shown in Table 4-4. Additionally, the datasets from sites near the St. Paul Downtown Airport 
were inadequate(< 20) to show a linear flow-occupancy and parabolic speed-flow 
relationships for the wind speeds ( >32 km/hr), and trends were found similar to Figures 4.7 
and 4.8. Thus, the data from freeway sites near the St. Paul Downtown Airport were not 
analyzed for wind speeds' effects on traffic flow variables. 
Table 4-4: Average number of days per year for severe wind speeds 
Wind Speeds (> 32 km/hr) 
Airport Number of Reductions Reductions in Code Days in Capacity Average Speeds 
MSP 20 < 1% < 1% 
MIC 33 2% 1% 
STP 15 Not Analyzed Not Analyzed 
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An analysis showed the reductions were not statistically significant(< 2 percent) for 
operating speeds and capacities at wind speed categories mentioned in Chapter 3. Results are 
shown in Figures 4.11 and 4.12 below, and Tables F.9 and F.10 in Appendix F. These results 
for wind speed categories seem to vary from prior studies by Liang et al. [11] and Kyte et al. 
[12]. Prior researchers [11, 12] investigated rural freeway sections ofl-84, which is primarily 
affected by extreme winds (wind speed > 48 km/hr) and snowstorms. This is not the case 
with the Twin Cities region and this study's area consists of urban freeway segments. 
Thus, a direct comparison of wind speed impacts on freeway capacity and speeds 
from this study and the available previous research may not explain the discrepancy of 
results. Therefore, further research on similar urban freeway segments within the U.S. is 
necessary to validate these results. 
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Figure 4.11: Analysis for wind speeds for freeway sites near the 
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Figure 4.12: Analysis for wind speeds for freeway sites near the 
Minneapolis Crystal Airport 
4.1.5 Low Visibility 
Data for low visibility conditions, due to fog events, were categorized into four 
different groups(> 1, 1-0.51, 0.5- 0.25 , and < 0.25 mile) for freeway sites. The datasets for 
low visibility condition(< 0.25 mile) at freeway sites near the Minneapolis-St. Paul 
International Airport and the St. Paul Downtown Airport were insufficient to show linear 
flow-occupancy and parabolic speed-flow relationships. Also, weather data from ASOS sites 
indicated low visibility(< 0.25 mile) occurrences were less common to the airports (MSP, 
STP) than the Minneapolis Crystal Airport (MIC), as shown in Table 4-5. Thus, this research 
did not use the data from the two airports (MSP, STP) to analyze evaluate impacts oflow 
visibility on freeway operations. 
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Table 4-5: Average number of days per year for severe low visibility conditions 
Visibility(< 0.25 mile) 
Airport 
Number of Reductions Reductions in Code 
Days in Capacity Average Speeds 
MSP 6 Not Analyzed Not Analyzed 
MIC 18 10% 12% 
STP 4 Not Analyzed Not Analyzed 
Freeway sites near the Minneapolis Crystal Airport showed statistically significant 
reductions of (10-12 percent) in freeway capacities for three groups of visibility ranges (1 -
0.51, 0.5-25, and < 0.25 mile), when compared with capacity for normal weather conditions 
(visibility > 1 mile), as shown in Figure 4.13. 
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Figure 4.13: Analysis for low visibility conditions for freeway sites 
near the Minneapolis Crystal Airport 
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On the other hand, differences in freeway capacities were not statistically significant, 
when compared pairwise within visibility categories of 1-0.51, 0.5- 0.25, and< 0.25 mile, 
respectively. This analysis is illustrated in Table F.11 of Appendix F. None of the prior 
studies quantified the impact of low visibility impacts on freeway capacity. Thus, these 
results provide an additional guidance that low visibility reduces capacities and should be 
considered to evaluate impacts on freeway capacity. 
Speed reductions of 6.63, 7.10, and 11.78 percent were noted for three groups of 
visibility ranges (1-0.51, 0.5-0.25, and< 0.25 mile) when compared with visibility (>1 mile). 
These reductions were statistically different when compared with average operating speeds at 
visibilities greater than one mile. However, the operating speeds between two visibility 
groups (1-0.51 and 0.5-0.25 mile) were not statistically significant for 7 detectors, as shown 
in Table F.11 in Appendix F. 
Prior research by Liang et al. [11] and Kyte et al. [12] showed speed reductions of 
about 12-15 percent, due to visibility less than 0.1 mile (0.16 km) on I-84. Results from 
above Figure 4.13 showed reductions (11. 78 percent) for visibility ( < 0.25 mile) as compared 
to prior research. However, this small difference (2-3 percent) between this study and prior 
research can be attributed to speed and volume variability on freeway locations 
(urban/suburban and rural) and different visibility ranges. This research decided to consider 
the lower visibility of less than 0.25 mile instead of using less than 0.1 mile, because data on 
visibility less than 0.1 mile from ASOS sites were inadequate to assume appreciable linear 
flow-occupancy and parabolic speed-flow relationships. 
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As a result, low visibility conditions seem to show a potential impact on capacities, 
because it reduces capacities by 10-12 percent, when compared with clear weather 
conditions. However, no statistically significant differences in capacities for visibility 
categories (1-0.51, 0.5- 0.25, and< 0.25 mile) were found, when compared in pairs. 
Additionally, speed reductions of 11.78 percent for low visibility(< 0.25 mile) were 
obtained, which are comparable with speed reductions of 11-15 percent, due to heavy snow 
(> 0.5 inch per hour) conditions, as discussed in this study. This comparison indicates that 
low visibility conditions are also important while evaluating reductions in operating speeds. 
4.2 Summary of Data Analysis 
This chapter provides an insight into the quantitative relationship between weather 
and traffic variables. It shows that weather variables of different categories affect traffic flow 
variables differently. This study identified the weather types by intensity ranges and tested 
the statistical significance of differences in capacities and speeds. It also emphasized the 
importance of prior examination of the flow-occupancy and speed-flow relationships visually 
before completing the statistical calculations. Although severe weather conditions (heavy 
rain, heavy snow, cold temperatures, and visibility < 0.25 mile) showed statistically 
significant reductions in operating speeds, these reductions were found to be less than shown 
by prior studies or recommendations in the HCM 2000. These differences may arise due to 
freeway locations (urban or rural), different driver behaviors, or better freeway maintenance 
activities in the study area during adverse weather conditions. Except for severe weather 
conditions, this research found similar results for light and moderate weather conditions as 
indicated by prior studies or recommended values in the HCM 2000. This study identified the 
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significance of an in-depth quantitative analysis to understand the quantitative impacts of 
adverse weather conditions on capacity and speeds. 
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CHAPTER 5 - CONCLUSIONS 
This research considered various weather variables and weather intensities to analyze 
percentage reductions in capacities and speeds. An ANOV A test was conducted to check the 
statistical significance of differences between any two capacity values or two average 
operating speed values. Here it should be noted that each comparison was made for a selected 
detector and two intensity ranges of a particular weather category (e.g., rain intensity of 0.01-
0.25 inch/hour and greater than 0.25 inch/hour). 
This study shows that impacts of rain and snow on urban freeway traffic operations 
are different than those recommended in the HCM 2000. Additionally, it also identifies 
reductions in capacities and speeds, due to varying intensities of other weather variables such 
as cold temperatures, wind speeds, and low visibility, which were not discussed in the HCM 
2000. Thus, this research provides an additional guidance to freeway traffic operators 
regarding quantitative estimates of decrease in capacities and speeds due to varying intensity 
of wind speeds, cold temperatures, and low visibility conditions. The following sections 
describe summary of findings, recommendations and future scope of this research. 
5.1 Summary of Findings 
This research explains that the HCM 2000 recommendations may not be directly 
applicable in the Twin Cities region and different results may be expected. Table 5-1 shows 
the comparison of results of this research with the current information found in the HCM 
2000. This comparison highlights the fact that the manual underestimates or overestimates 
the impacts, as listed below: 
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Table 5-1: Comparison of percentage reductions in capacity and average operating speeds 
with the HCM (2000) 
Variable Range Assumed Capacities(percentage Average Operating Speeds 
corresponding reductions) (percentage reductions) 
categories from Highway 
the Highway Capacity This 
Capacity Manual Study HCM2000 This Study 
Manual (2000) (2000) 
Rain 0-0.01 inch/hour Light 0 1-3 2-14 1-2.5 
0.01-0.25 inch/hour Light 0 5-10 2-14 2-5 
>0.25 inch/hour Heavy 14-15 10-17 5-17 4-7 
Snow <= 0.05 inch/hour Light 5-10 3-5 8-10 3-5 
0. 06-0 .1 nch/hour Light 5-10 5-12 8-10 7-9 
0 .11-0. 5 inch/hour Light 5-10 7-13 8-10 8-10 
>0.5 inch/hour Heavy 25-30 19-28 30-40 11-15 
Temperature 10° -1° Celsius NIA 1 NIA 1-1.5 
0°- (-20)° Celsius NIA 1.5 NIA 1-2 
<-20° Celsius NIA 6-10 NIA 0-3.6 
Wind Speed 16-32km/hr NIA 1-1.5 NIA 1 
>32 km/hr NIA 1-2 NIA 1-1.5 
Visibility 1-0.51 mile NIA 9 NIA 6 
0.5-0.25 mile NIA 11 NIA 7 
< 0.25 mile NIA 10.5 NIA 11 
NIA- Not Available 
• The results indicate that the impact of light rain on operating speeds is at a 
reasonable level in the HCM 2000, but the impact of heavy rain on operating 
speeds may be overstated in the HCM 2000. 
• Light and moderate snow categories show almost similar capacity and speed 
reductions, which are similar to reductions by light snow as stated in the HCM 
2000 except for capacity values for freeway sites near the St. Paul Downtown 
Airport. Thus, these two categories can be merged into one category. 
• Heavy snow shows similar reductions (19%-28%) in capacity as stated in the 
HCM 2000. However, speed reductions of 11 %-15% due to heavy snow obtained 
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from this study were significantly lower by 19%- 25% than those recommended in 
the manual (30%-40%). 
• Cold temperatures(< -20° Celsius) showed 7-10 percent reductions in capacity, 
while reduction in operating speeds were found insignificant(< 1 percent). 
• Winds in the opposite direction of travel did not cause a significant decrease in 
speeds and capacities. 
• Lower visibility (fog events) caused capacity reductions of 10-12 percent and 
speed reductions of 6-12 percent. However, speed reductions for visibility ( < 0.25 
mile) were significantly greater than other visibility categories presented in this 
study. 
5.2 Recommendations 
The following recommendations are based on the results of this research. Further 
research is encouraged with more accurate information on weather variables from R WIS sites 
collected for 10 minutes or smaller time intervals because RWIS data in this research were 
found to contain errors. 
• Currently, traffic engineers compare different design alternatives for traffic 
operation using microscopic simulation tools and assume perfect weather 
conditions. Using estimates of reduction in capacities and speeds during 
inclement weather, future researchers can build upon these relationships in their 
simulation models to support planning for improved management of freeways 
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during severe weather conditions. Thus, this research will allow improving the 
analysis when using simulation tools. 
• Having information on reduction in speeds and capacities will be useful to 
estimate the increase in emissions of pollutants such as (C02, NOx) due to various 
weather categories. Thus, the results based on air quality modeling can be more 
useful to understand the increase in emission, due to various weather variables 
and their categories. 
• The road weather community should examine the RWIS environment sensors on 
a regular basis to ensure that collected data are correct and will be useful for 
researchers. These checks will improve the data quality and eventually results that 
are more precise, can be obtained using the R WIS data. Precise information on 
precipitation type and intensity, visibility, and wind speeds from R WIS sites will 
provide an opportunity for researchers to find accurate estimates of speed and 
capacity reductions. 
5.3 Future Research 
Several additional efforts will enhance the findings of this research. The following 
tasks should be considered for more in-depth analyses. 
• Combined effects of various weather events should be studied in further research, 
since adverse weather is a result of the combination of different weather 
conditions. 
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• Effects of cross winds (perpendicular to the direction of travel) may be considered 
as an alternative to evaluate the speed and capacity reductions, because strong 
winds in a perpendicular direction cause instability in the vehicles. 
• With the availability of precise weather information from RWIS sites for smaller 
time intervals, more constraints such as the same month of the year, similar type 
of days (weekdays, holidays), similar day hours, can be defined to improve the 
accuracy of the results, because ASOS sites collect precipitation data on an hourly 
basis and data are not organized by specific time intervals. 
• A better estimation of the percentage of long vehicles and history of field lengths 
may improve quantitative estimates of reductions in capacities and speeds on 
freeways for different weather conditions. 
Overall, this research concludes that RWIS sensors do not provide the quality and 
type of weather condition information that is needed to understand the impact of weather on 
traffic flow. The fact that data derived from RWIS sensors was not useful for the purposes of 
this research is perhaps understandable. RWIS technology has been primarily designed and 
installed to support the needs of the winter maintenance community rather than traffic 
managers. However, as this research has shown, weather does matter to traffic operations 
and, therefore, RWIS technology can provide useful input to traffic mangers if these system 
are modified to collect environmental data for weather variables that impact traffic flow and 
freeway capacity. 
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APPENDIX A: LIST OF SELECTED DETECTORS AND THEIR FIELD LENGTHS 
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List of detectors near RWIS sites 
RWIS sites IDs Detector Location Detector ID Field Length (ft) 
330.84 1-35 & Minnetonka Blvd 1875 23.2 
1855 27 
330.85 I-35 & Minnesota River 257 24.5 
267 23.5 
330.86 1-494 & 1-94 2953 33.1 
2864 27.4 
330.88 1-35 E & Cayuga St. Bridge 2462 24.2 
2391 23.8 
330.89 1-494 & TH 110 2879 18.9 
2940 24 
List of detectors near ASOS sites 
ASOS site Detector Location Detector ID Field Length (ft) 
890 21.18 
Nicolette Ave (1-494) 891 20.02 
893 18.75 
Minneapolis St. Paul TH 13 3273 20 International Airport 3298 14.3 
3281 20.5 
TH 77 & Minnesota River 3279 23.1 
3292 21 
TH 169 & 63RD AVE 3005 25 
TH 169 & Bass lake Road 3041 30.8 
971 26.66 
Minneapolis Crystal 972 26.97 
Airport 1-94 & BROOKLYN BL VD 974 23.4 
977 25.2 
979 27.22 
1-94 & CR 81 960 29.65 
1-94 & TH-52 3191 31.4 
St. Paul Downtown Airport l-35E & VICTORIA ST 3240 21 
3431 28 .7 
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APPENDIX B: VISUAL BASIC PROGRAM TO AUTOMATE THE PROCESS OF 
EXTRACTING TRAFFIC DATA 
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"Modification in code to import many files automatically 
Private Sub cmdBrowse _Click() 
cmdBrowse.Enabled =False 
Dim folder As String 
Dimi 
On Error GoTo ExitNow 
Folder= InputBox("Enter txt file location? ","Folder Title") 
enddnumber = InputBox("Enter the number of files?", "No. of files ") 
Open folder For Input As #100 
For i = 1 To enddnumber 
Input #100, fileName(i) 
Nexti 
Close #100 
1 Set the default file name for the csv output file before getting out 
If txtDestFile.Text ='"'Then 
txtDestFile.Text = Replace(ComDlg.fileName, "traffic", "csv") 
End If 
txtZipName = fileName(l) 
loadDets 
De:tE>etractorvJ_ 4 (Detf1.ctra1 
~ C_csvRead (C_csvRe~.ds) 
ti frm<iraphH (frmGrapl11.frm) 
Cl frm<iraphl (frmGrophL.frm) 
Cl frmGraphS (frmGraphS. frm) 
: .. Cl frll'l.OQ (frml09. frm) 
·- · ~ frmSplash (frmSpla!>h.frm) 
! ~~~~~~~j 
~ mod!mpute (rnodlmpute.bas) 
~ modl'lot (mod'lot.bas) 
·~ modTypeOel (modTypeOef .b< 
~ modJt;l;ty (modUity.bas) 
-~ Unzip (Unzip.els) 
-~ 1.rtzipDefs (un~fs .bas) 
ExitNow: 
cmdBrowse.Enabled = True 
If Err Then 
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MsgBox "Error No:" & CStr(Err.Number) & "," & Err.Description & "." & vbCrLf & _ 
"Please select a *.traffic file.", vbExclamation 
End If 
End Sub 
Modification in code to generate output for many files automatically 
'This is the main routine for the detector extractor 
'The steps are: 
' (1 )Check detector numbers, files, etc. all inputs 
' (2) unzip the det files 
'(3) save the result into a csv file 
' Should be used for csv export 
Private Sub cmdExport _Click() 
Dim uzipFileSpec As String, detFName As String, zipTraffic As String 
Dim DetList() As String 'List that you get from the txtDetIDs 
Dim i As Integer, findex As Integer 
Dim TempStr As String 
'Don't allow any blank entries 
For i = 1 To enddnumber 
txtZipName = fileName(i) 
loadDets 
'IftxtZipName =""Then 
' MsgBox "You must specify the file name (* .trffic) in the first text box!!! Click OK to 
continue.", 
' vbExclamation, "Detector Extractor Warning!!!" 
'Exit Sub 
'End If 
IftxtDetIDs =""Then 
MsgBox "You must enter one or more detector IDs", vblnformation, _ 
"Detector Extractor Warning!!!" 
Exit Sub 
End If 
' Get the list of detectors from the txtDetIDs 
Dim CDetIDs As New C csvRead 
DetList = CDetIDs.GetArr(txtDetIDs.Text) 
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If CDetIDs.inputError Then 
MsgBox CDetIDs.ErrorMsg & vbCrLf & "Re-enter the detector IDs or reload them from 
a file.",_ 
vb Information 
Set CDetIDs = Nothing 
Exit Sub 
End If 
NoOfDets = UBound(DetList) 
Debug.Print NoOfDets 
'ReDim detFiles(NoOfDets) As detFName 'Global variable, see modTypeDef 
LogWrite "Traffic file: " & txtZipName.Text 
I 
'Produce a *.csv file (to be used for such as excel file) 
txtDestFile.Text = fileName(i) & ".csv" 
BuildExcelFile DetList() 
LogWrite "The requested detector data was successfully extracted and converted to csv." & 
vbCrLf & 
-
"The csv file can be found in" & txtDestFile.Text 
'MsgBox "The extracted csv file was saved in" & txtDestFile.Text & vbCrLf, 
vb Information 
Set CDetIDs =Nothing 
Next i 
MsgBox "Alper says welldone!!!" 
End Sub 
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APPENDIX C: VISUAL BASIC CODE TO MERGE FILES 
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Visual Basic Code to Merge Traffic files 
Private Sub Command 1 _Click() 
Path= "C:\User\exp2.txt" 
Dim filenames(l To 100) 
Open Path For Input As #1 
i=l 
k = l 
Do 
Input #1, filenames(i) 
i = i + 1 
Loop While Not EOF(l) 
Close #1 
MsgBox "stop" 
Dim traffic(l To 100000) 
For j = 1 To i - 1 
Open filenames(j) For Input As #2 
Do 
Line Input #2, traffic(k) 
k = k+l 
Loop While Not EOF(2) 
Close #2 
Nextj 
Open "C:\User\results.txt" For Output As #3 
Form = 1 To k - 1 
Write #3, traffic(m) 
Nextm 
Close #3 
MsgBox "done" 
End Sub 
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APPENDIX D: FLOW- OCCUPANCY AND SPEED FLOW RELATIONSIDPS 
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Figure 1. Flow-occupancy (a) and Speed-flow(b) relationships for clear weather 
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Figure 2. Flow-occupancy (a) and Speed-flow (b) relationships for rain intensity 
less than 0.01 inch/hour 
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Figure 5. Flow-occupancy (a) and Speed-flow (b) relationships for snow intensity less than 0.05 
inch/hour 
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Figure 6. Flow-occupancy (a) and Speed-flow (b) relationships for snow intensity between 0.06-0.1 
inch/hour 
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Figure 7. Flow-occupancy (a) and Speed-flow (b) relationships for snow intensity 
between 0.11-0.5 inch/hour 
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Figure 8. Flow-occupancy (a) and Speed-flow (b) relationships for snow intensity 
greater than 0.5 inch/hour 
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Figure 9. Flow-occupancy (a) and Speed-flow (b) relationships for temperatures 
greater than 10° Celsius 
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Figure 10. Flow-occupancy (a) and Speed-flow (b) relationships for temperatures 
between 1 o0 -1°Celsius 
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Figure 11. Flow-occupancy (a) and Speed-flow (b) relationships for temperatures 
between 0°- (-20)°Celsius 
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Figure 12. Flow-occupancy (a) and Speed-flow (b) relationships for temperatures 
less than -20°Celsius 
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Figure 13. Flow-occupancy (a) and Speed-flow (b) relationships for wind speeds
less than 16 km/hr
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Figure 14. Flow-occupancy (a) and Speed-flow (b) relationships for wind speeds 
between 16-32 km/hr 
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Figure 15. Flow-occupancy (a) and Speed-flow (b) relationships for wind speeds 
greater than 3 2 km/hr 
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Figure 16. Flow-occupancy (a) and Speed-flow (b) relationships for visibility 
greater than 1 mile 
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Figure 17. Flow-occupancy (a) and Speed-flow (b) relationships for visibility 
between 0.51-1 mile 
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Figure 18. Flow-occupancy (a) and Speed-flow (b) relationships for visibility 
between 0.25-0.5 mile 
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Figure 19. Flow-occupancy (a) and Speed-flow (b) relationships for visibility 
less than 0.25 
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APPENDIX E: SAMPLE SAS CODE 
105 
Sample SAS code 
options nonumber nodate linesize= 100; /*it means that output should not have any dates, 
page number and line sizes * I 
run; 
DAT ABASE="G:\Complete _Rain_ and_ snow_ analysis\All_ new_ detectors_ near_ airports 
\MSP\Rains _exp_ updated _ppt\MSP _Rain_ traffic_ data.mdb"; 
SCANMEMO=YES; 
USEDATE=NO; 
SCANTIME=YES; 
RUN; 
/*proc import 
datafile="G:\Cornplete _Rain_ and_ snow _analysis\All_new _detectors_ near_ airports\MSP\ 
Rains exp_ updated _ppt\Merge _rain_ traffic_ data.jrnp" 
dbms=JMP replace out=workO; 
run;* / 
proc sort; by ID rain _intensity_ codes; run; 
proc means; 
by ID; 
class rain _intensity_ codes; 
var capacity; 
types rain _intensity_ codes; 
where capacity> 1000 and 45<= speed <=80; 
run; 
proc means; 
by ID; 
class rain_intensity_codes; 
var speed; 
types rain_ intensity_ codes; 
where 45<= speed <=80; 
run; 
/*DATA for SPEED*/ 
data work.speedl; 
set workO; 
if 45 .00<=speed<=80.00; /* Select cases*/ 
run; 
/*Proc print data=work.speed 1; run;*/ 
/*DATA for CAPACITY*/ 
data work.cap 1; 
set workO; 
106 
where capacity> 1000 and 45<=speed<=80; /* Select cases * I 
run; 
/*proc print data=work.capl; run;*/ 
proc means p95 data=work.capl; /*Obtain 95th percentile */ 
by ID rain_ intensity_ codes; 
var capacity; 
ods output summary=workl; 
run; 
/*proc print data=work 1 ; run;* I 
data work.cap2; I 
merge work.capl workl; 
by ID rain _intensity_ codes; 
if capacity >= capacity _p95 then output; /* Select cases * I 
run; 
I* MODEL CAPACITY */ 
proc mixed data=work.cap2; 
by ID; 
class rain _intensity_ codes; 
model capacity= rain_intensity_codes/ddfm=satterth; 
lsmeans rain _intensity_ codes /pdiff=all adjust=bon; 
run; 
I* MODEL SPEED */ 
proc mixed data=work.speedl; I 
by ID; 
class rain _intensity_ codes; 
model speed= rain_intensity_codes/ddfm=satterth; 
weight capacity; 
lsmeans rain_intensity _codes /pdiff=all adjust=bon; 
run; 
107 
APENDIX F: ANALYSIS OF WEATHER DAT A NEAR ASOS SITES 
Table F.l: Analysis of capacities and speeds for varying rain intensities at freeway sites near the l\lfumeapolis St. Paul htt'l Airport 
Analysis of caparities (vphpl) 
DetedorIDs 
Rain Intensity (inchthour) httensity I 890 891 893 32i3 3279 3281 3292 3298 ~verage Capacity % Reductions Groups 
0 1 2103 2238 2339 2087 2333 2594 2548 2578 2353 0.00 
< 0.01 2 2096 2220 2327 2040 2261 2486 2518 2601 
. 
2319 -1.44 
0.01-0.25 3 2004 2102 2210 1938 2172 2382 2418 2526 
. 
2219 -5.67 
> 0.25 4 2055 1998 2063 2018 2148 2184 2096 2240 • 2100 -10.72 
---- l!.{'!J' ~=$;$[ ;t.:'.;f,,! I]--·---------------
Nmnber of observations for capacity analysis 
Detector IDs 
Rai11 Inte11sity (imhlhotrr) Intensity I Groups 890 891 893 3273 3279 3281 3292 3298 
0 1 58859 95718 68947 28043 47030 12440 22114 23238 
< 0.01 2 1215 2012 1508 572 994 324 468 529 
0.01-0.25 3 1580 2886 2139 699 1346 346 506 674 ...... 0 
> 0.25 4 154 284 228 101 180 52 46 66 00 
Analysis of speells (mph) 
Detector IDs 
Rain Intensity (incli.lhour) Iittensity I 890 891 893 3273 3279 3281 3292 3298 I Average speed 0/o Reclnctions Groups 
0 1 66.77 60.38 65.25 61.07 65.16 67.46 70.47 68.47 
. 
65.63 0.00 
< 0.01 2 64.89 58.62 63.3 60.71 64.07 65.27 68.95 66.44 64.03 -2.43 
0.01-0.25 3 63.75 56.77 61.29 58.87 62.81 63.94 68.16 65 06 62.58 -4.61 
> 0.25 4 62.05 55.59 60.26 56.96 60.65 62.27 66.75 64.53 61.13 -6.85 
Qli?1l~f:f~ !·:'l'j?..2[+1 t*' t:ii;):.¥'. ' 
Nmnber of observations for speecl analysis 
Detector IDs 
Rain Intensity (incl11hour) Intensity I 
G1·ouns 
890 891 893 3273 3279 3281 3292 3298 
0 1 157028 171467 171002 169286 170326 161308 166890 164625 
< 0.01 2 3419 3699 3699 3703 3795 3652 3695 3565 
0.01-0.25 3 4773 5360 5360 5098 5440 5217 5173 4924 
> 0.25 4 606 710 710 663 704 666 663 479 
Table F.2: Analysis of capacities mul speeds for varying rain intensities at freeway sites 11ear the Jvfumeapolis C1ystal Airport 
Analysis of capacities ('11hpl) 
Detector IDs 
Rain Inte11sity (inch/hour) Intensity I 
Groups 
960 971 972 974 9"'7 ,, 979 3005 3041 I Average Capacity 0/ o Re<luctions 
0 1 2337 2415 2486 2341 2491 2377 2272 2132 2356 0.00 
< 0.01 2 2328 2377 2501 2320 2464 2347 2189 2105 2329 -1.17 
0.01-0.25 3 2231 2168 2351 2202 2340 2216 2246 1978 2217 -5.94 
> 0.25 4 2044 2006 2102 2052 2058 2097 1926 1925 2026 -14.01 
flfi!2Jmfi§Jllkbi!~~ftil 
Nmnber of observatio11s for capacity m1alysis 
Detector IDs 
Rain Intensity (incb.IJ.1om·) Intemity I Groups 960 971 972 974 977 979 3005 3041 
0 1 28286 51424 50088 54235 78963 70708 42733 97243 
< 0.01 2 529 875 850 959 1494 1299 722 1812 
0.01-0.25 3 765 1461 1473 1548 2259 2056 960 2607 
> 0.25 4 57 217 198 249 276 296 132 355 
....... 
0 
\0 
A11alysis of speeds (mph) 
Detector IDs 
Rai11 Intensity (incb.IJ.1our) Intensity I Groups 960 971 972 974 977 979 3005 3041 I Average speeds % Re<luctions 
0 1 67.75 71.09 73.5 65.65 67.9 73.59 65.71 69.07 69.28 0.00 
< 0.01 2 67.14 69.43 72.66 64.65 65.22 72.26 64.6 66.73 ' 67.84 -2.09 
0.01-0.25 3 65.36 68.52 70.63 63.49 63.87 70.85 63.1 65.01 ' 66.35 -4.23 
> 0.25 4 65.16 65.96 68.46 62.84 61.27 68.67 61.28 65.31 ' 64.87 -6..37 
-
fi311ii!lili¢1i$2;'J~Ub!i.i".>t:i34;:!) 
Number of observario11s for speecl analysis 
Detector IDs 
Rain Intensity (inch/hour) Intensity I Groups 960 971 972 974 977 979 3005 3041 
0 1 54522 90593 88552 97140 123806 124155 155063 177464 
< 0.01 2 1192 1844 1833 1954 2558 2561 3020 3649 
0.01-0.25 3 1739 2939 2900 3087 4043 4044 4409 5303 
> 0.25 4 126 370 356 413 499 500 538 667 
Table F .3: Analysis of Ca11acities and Speeds for varying rain intensities at freeway sites near the St. Paul Downtown An1>ort 
Analysis of capacities (vpbpl) 
Detector IDs 
Rail1 Intensity Intensity I I Average 0/ o Reductions (inch/hour) Groups 3191 3240 3431 Capacity 
0 1 2162 2478 2096 
,. 
2245 0.00 
< 0.01 2 2088 2410 2007 
,. 
2168 -3.43 
0.01-0.25 3 1856 2228 1972 
,. 
2019 -10.10 
> 0.25 4 1892 1707 1947 
,. 
1849 -17.67 
Ulr218 liAAZ.{~.?JiC:J 
Number of observations for capacity analysis 
Detector IDs 
Raiit Intensity Intensity I (inch.lhour) Groups 3191 3240 3431 
0 1 43199 25026 49355 
< 0.01 2 1150 725 1325 
0.01-0.25 3 955 550 1006 
........ 
> 0.25 4 113 70 141 ........ 
0 
Speed analysis 
Detector IDs 
Raiit Intensity Intensity I I Average % Recluctions (il1cb/bour) Groups 3191 3240 3431 Spee els 
0 1 64.27 63.34 63.23 
,. 
63.61 0.00 
< 0.01 2 64.74 63.65 60 02 
,. 
62.80 -1.27 
0.01-0.25 3 62.94 61.01 61.52 
. 
61.82 -2.81 
> 0.25 4 61 .85 59.58 59.99 
. 
60.47 -4.94 
tmm2iillf'lm!i'.1Jiii"£t14,:@':3~·· a 
Number of observations for speed Analysis 
Detector IDs 
Rain Intensity Intensity I (il1ch!hour) Groups 3191 3240 3431 
0 1 145211 62190 174934 
< 0.01 2 3683 1630 4197 
0.01-0.25 3 2461 1436 3926 
> 0.25 4 599 237 642 

Table F.5: Analysis of capacities and spee<ls for va1yin~ snow intensities at freeway sites nea1· the lVfumeapolis Crystal Aiil>Olt 
Analysis of capacities ('"l>hpl) 
Detector IDs 
Snow Intensity 
Snow _intensity_c.odes I I ~~verage 0/o Reductions (inchl11our) 960 971 972 974 97i 979 3005 3041 Capacity 
0 1 2337 2415 2486 2341 2491 2'377 2272 2132 
r 2356 0.00 
<= 0.05 2 2175 2267 2'376 2212 2368 2292 2053 2070 
. 
2227 -5.51 
0.06-0.1 3 1924 2220 2122 2082 2229 2114 2013 1973 
. 
2085 -11.53 
0.11-0.5 4 2083 2118 2126 2034 2205 2058 2000 1902 
. 
2066 -12.33 
> 0.5 5 1956 1791 1971 1820 1972. 1842 1836 1905 
r 
1887 -19.94 
Nwnber of observations for capacity analysis 
Detecto1· IDs 
I 
Snow Intensity 
(iI1chlhour) Snow _intensity_codes I 960 971 972 974 977 979 3005 3041 
0 1 28286 51424 50088 54235 78963 70708 42733 97243 
<= 0.05 2 671 1040 1006 1085 1700 1621 748 1892 
0.06-0.1 3 255 519 529 579 825 770 310 962 
....... 
0.11-0.5 4 218 447 475 494 636 627 229 783 ....... 
> 0.5 5 40 35 56 57 78 51 64 103 N 
Analysis of speeds (mph) 
Detector IDs 
Snow Intensity 
Average S11ee<l % Reductions (inch/hour) Snow _iI1tensity_codes 960 971 972 974 977 979 3005 3041 
0 1 67.75 71.09 73.5 65.65 67.9 73.59 65.71 69.07 69.28 0.00 
<=0.05 2 67.22 69.45 7116 63.24 65.34 70.34 63.5 64.15 r 66.80 -3.58 
0.06-0.1 3 63.95 66.49 66.52 60.1 61.03 66 03 61.4 61.3 
. 
63.35 -8.56 
0.11-0.5 4 62.16 64.42 64.74 59.41 59.57 64.8 61.1 59.73 ' 61.99 -10.52 
> 0.5 5 59.56 58.66 58.89 58.91 57.36 57.82 59.46 57.38 • 58.51 -15.56 
-
IMl!N PFCi-~"4-5. •,.FJ:et'!? 
Number of observations for speed analysis 
Detecto1· IDs 
1>1lUW .llU.l"JlSJl)' 
Snow _intensity_codes I (inch/hour) 960 971 972 974 977 979 3005 3041 
0 1 54522 90593 88552 97140 123806 124155 155063 177464 
<= 0.05 2 1200 1949 1907 1999 3004 2946 3464 3928 
0.06-0.1 3 572 1036 1021 1080 1402 1396 1797 1999 
0.11-0.5 4 618 1185 1164 1173 1381 1464 1742 2098 
> 0.5 5 55 133 102 142 175 172 172 273 
Table F.6: Analysis of capacities and speeds for varying mow inte1L•ities at freeway sites the near the St. Paul Dowuto"~' Airt>o1t 
Analysis of capacities (vphpl) 
Detector IDs 
Snow Intensity Intensity Groups I ~4.verage Capacity % Reductions (inchll1our) 3191 3240 3431 
0 1 2162 2478 2096 2245 0.00 
<= 0.05 2 2185 2322 1997 2168 -3.44 
0.06-0.1 3 2185 2267 1915 2122 -5.48 
0.11-0.5 4 1863 2078 1896 1946 -13.35 
> 0.5 5 1463 1404 1995 1621 -27.82 
-
fhY>fi_4S;MliE'£-if~s&;o:~@\3';;/f,';3~5'·;t.:;,'qJ 
Number of observations for capacity analysis 
Detector IDs 
. 
Snow Intensity 
Intensity Groups (inchll1011r) I 3191 3240 3431 
0 1 43199 25026 49355 
<=0.05 2 609 352 728 
0.06-01 3 527 230 716 
0.11-0.5 4 208 118 278 
....... 
> 0.5 5 36 39 32 ....... w 
Analysis of speeds (mph) 
Detector IDs 
Snow Intensity 
Intensity Groups I I. Average Spee<\ % Reductions (inch/hour) 3191 3240 3431 
0 1 64.27 63.34 63.23 63.61 0.00 
<= 0.05 2 62.37 62.79 55.88 
. 
60.35 -5.U 
0.06-0.1 3 61.25 61.15 55.05 
, 
59.15 -7.02 
0.11-0.5 4 59.91 58.99 54.56 
. 
57.82 -9.11 
> 0.5 5 56.31 56.69 51.85 
. 
54.95 -13.62 
Will '#' g4gn;;1~1£1~1~f~ft ·~ , 
Number of observations for speed analysis 
Detecior IDs 
. 
Snow Intensity 
lute1L•ity Groups (inch/11our) I 3191 3240 3431 
0 1 145211 62190 174934 
<= 0.05 2 2521 1006 3203 
0.06-0.1 3 2128 730 2676 
0.11-0.5 4 1150 429 1441 
> 0.5 5 170 134 174 
Table F. 7: A1.1alysis of capacities a1.1d speeds for vaiyin.g temperatures at freeway sites 1.1ear the l\i.Illmeapolis St. Paul Iut'l Aii:po1i 
Allalysis of capacities (vph1>l) 
Detector IDs 
Tempenture (Degree 
Temperature Groups I I Average Capacity % Relluctio11s Celsius) 890 3273 891 893 3279 3281 3292 3298 
>10 1 2025 2075 2223 2323 2305 2588 2545 2582 r 2333 0.00 
10-1 2 2086 2106 2200 2285 2357 2609 2514 2549 r 2308 -1.08 
0- (-20) 3 2086 2078 2140 2231 2317 2547 2488 2502 r 2299 -1Jl8 
< -20 4 1820 1882 2003 2101 2202 2205 2322 2214 r 2094 -10.27 
Number of obse1-vatio11s for capacity a11alysis 
Detector IDs 
Tem1ierature (Degree 
Celsius) Temperature Groups 890 3273 891 893 32 79 3281 3292 3298 
>10 1 16575 8646 28372 19938 13412 3067 6978 8038 
10-1 2 9428 5377 15790 11268 8764 2641 3471 3443 
0- (-20) 3 6160 3959 106882 7251 6563 2072 1832 1859 
....... 
< -20 4 113 51 245 138 124 71 39 58 ....... ~ 
Allalysis of speeds (mph) 
Detector IDs 
Temperature (Degree 
Temperature Groups I I Average Speell 0/o Re lluctio11s Celsius) 890 3273 891 893 3279 3281 3292 3298 
>10 1 66.86 65.06 60.16 65.11 65.65 68.23 69.55 69.76 r 66.30 0.00 
10-1 2 66.19 64.46 60.13 65 64.88 66.97 69.31 68.12 r 65.63 -1.00 
0- (-20) 3 66.03 63.06 60.33 65.24 64.48 66.44 68.99 66.51 r 65.14 -1.75 
4 65.79 61.76 59.24 65.76 61.56 62.22 68.91 66.04 r 63.91 -3.60 
Number of obse1-vatio11s for speed analysis 
Detector IDs 
I 
Temperature (Degree 
Celsius) Temperature Groups I 890 3273 891 893 32i9 3281 3292 3298 
>10 1 46523 50593 51097 51198 49333 47255 46949 46904 
10-1 2 27534 29696 29847 29917 30427 28864 30316 29815 
0- (-20) 3 18833 20255 20351 20404 20640 19452 20682 20223 
< -20 4 380 380 434 430 424 403 433 432 
Table F.8: A11alysis of capacities Md speecls for varying temperatm·e at freeway sites near the lYfumeapolis Crystal Ai11>011 
Analysis of capacities (vphpl) 
Detector IDs 
Temperature Temperature I 
rverage Ca1rncity •; . Reductions (Degree Celsius) Groups 960 977 979 3005 3041 971 • 972• 974• 
>10 1 2237 2457 2257 2181 2133 2475 2365 2179 2286 0.00 
10-1 2 2012 2486 2304 2196 2148 2525 2254 2231 
. 
2229 -2.46 
0- (-20) 3 2044 2479 2278 2173 2120 2537 2234 2206 . 2219 -2.92 
< -20 4 2020 2320 2196 2187 1796 1914 2034 1952 ' 2104 -7.95 
• •Not incfuded in analysis beca,use sample sizes for group 5 were inadequate 
Number of observations for ca12acity analysis 
Detector IDs 
I 
Temperature Temperature 
(Degree Celsius) Groups I 960 977 979 3005 3041 971 972 974 
>10 1 175835 18632 16275 13234 31113 9889 8064 10226 
10-1 2 9735 13183 12083 7559 16181 6700 6467 6305 ....... 
....... 
0- (-20) 3 9180 12886 12309 5428 13228 5611 5322 5360 Vl 
< -20 4 194 401 393 69 361 14 29 14 
Analysis of speeds (mph) 
Detector IDs 
Temperature Temperature I 
I.Average speeds % Reductions (Degree Celsius) Groups 960 977 979 3005 3041 971' 972• 9i4" 
>10 1 66.51 68.23 73.86 66.44 70.17 71.58 71.34 66.98 69 04 0.00 
10-1 2 67.42 68.04 73.34 64.98 66.52 66.78 69.89 67.12 ' 68.06 -1.42 
0- (-20) 3 69.01 69.01 73.32 64.33 66.3 65.78 69.54 67.42 ' 68.39 -0.94 
< -20 4 69.63 69.56 73.45 64.12 66.36 63.98 67 74.08 ' 68.62 -0.61 
•Not incfuded in analysis beca,use sample sizes for group 5 were inadequate 
Number of observations for speed analysis 
Detector IDs 
Temperature Temperature I 960 977 979 3005 3041 971 972 974 
>10 1 41052 333458 28770 43578 56491 17659 15054 18571 
10-1 2 22004 23844 22257 25335 30576 12475 12281 12000 
0- (-20) 3 21770 22929 22503 20117 25643 10139 10003 9917 
< -20 4 392 481 480 170 462 14 23 14 
Table F.9: Analysis of capacities and speeds for varying wind speeds at freeway sites near the Niinneapolis St. Paul Int'l AiI1iort 
Analysis of capacities (vphpl) 
Detector IDs 
Wind Speeds (Ian/Irr) Wmd Groups I 890 891 893 3273 3279 3281 3292 3298 I Average Capacity % Reductions 
< 16 1 2111 2210 2304 2143 2340 2591 2578 2553 
, 
2354 0.00 
16-32 2 2002 2205 2304 2127 2318 2629 2534 2580 
, 
2337 -0.70 
> 32 3 1995 2190 2280 2081 2314 2734 2541 2557 
, 
2337 -0.73 
Number of observations for capacity analysis 
Detector IDs 
\V"nul Speeds (lan/lu-) \i\fm1l Groups I 890 891 893 3273 3279 3281 3292 3298 
< 16 1 10829 10317 7303 5973 8876 2806 4725 4997 
16-32 2 8895 6516 4782 3688 5952 1337 3681 3845 
> 32 3 1098 567 418 289 479 67 466 512 ...... ...... 
°' 
Analysis of average s1ieeds (1nph) 
Detector IDs 
Wind Speeds (Ian/Irr) Wind G1·oups I 890 891 893 3273 3279 3281 3292 3298 I Average speed 0/o Reductions 
< 16 1 66.72 60.54 65.58 64.97 65.6 67.79 69.49 68.64 
, 
66. 17 0.00 
16-32 2 66.37 60.42 65.41 64.45 65.73 68.15 69.34 67.95 
, 
65.98 -0.29 
> 32 3 65.81 60.21 65.52 62.45 65.49 68.67 69.38 67.86 
, 
65.67 -0.74 
Number of observations for speecl analysis 
Detector IDs 
\V"nul S1>eecls (Ian/Irr) Wmd Groups I 890 891 893 3273 3279 3281 3292 3298 
< 16 1 35184 20879 20739 33520 33620 31571 40735 40272 
16-32 2 21972 9186 9238 17759 17578 17125 23380 23322 
> 32 3 2395 680 679 1202 1225 1224 2411 2476 
Table F.10: Analysis of capacities and speeds for vaiyingw:iml speeds at freeway sites near the Mllmeapolis Crystal Airport 
Analysis of capacities (vph}Jl) 
Detector IDs 
vVmd Speeds (kmlhr) 'VmdGroups I 960 971 972 974 977 979 3005 3041 I Average Capacity % Reductions 
< 16 1 2073 2404 2458 2323 2485 2356 2291 2110 
, 
2313 0.00 
16-32 2 1950 2372 2458 2315 2461 2356 2188 2140 
, 
2280 -1.41 
> 32 3 1864 2472 2428 2384 2472 2428 1881 2166 
, 
2262 -2.19 
Nmnber of observations for capacity analysis 
Detector IDs 
'Vmd Speeds (Ian/hr) Wmd Grnups I 960 971 972 974 977 979 3005 3041 
< 16 1 19203 18108 18056 20998 25249 28952 13770 36444 
16-32 2 20736 18668 18615 11371 25423 15039 11858 24651 
> 32 3 1457 1402 1418 353 1745 424 568 1720 
....... 
....... 
Analysis of speeds (mph) -.:i 
Detector IDs 
Wmd Speeds (km/hr) 'Vmd Groups I 9GO 971 972 974 977 979 3005 3041 I Average speed % Reductions 
< 16 1 68.05 72.28 75.51 66.39 67.56 74.02 65.53 68.26 ' 69.70 0.00 
16-32 2 67.97 72.9 75.05 64.94 67.6 72.92 65.08 66.75 ' 69.15 -0.79 
> 32 3 67.66 72.41 73.37 65.23 66.96 72.96 65.16 65.47 , 68.65 -1.SO 
Number of observations for speed analysis 
Detector IDs 
Wmd Speeds (lanllu·) Wind Groups I 960 971 972 974 977 979 3005 3041 
< 16 1 44960 32060 32222 43583 45350 55827 51326 80245 
16-32 2 35556 26043 26176 16143 36212 20082 34596 37311 
> 32 3 2163 1843 1845 456 2309 518 1456 2313 
Table F.11: Analysis of capacities and speeds for low visibility conclitions at freeway sites near the 1\1irmeapolis Crystal Ah1iort 
Analysis of capacities (vphpl) 
Detector IDs 
Visibility Range (miles) Visibility Grou1is I 960 971 972 974 977 979 3005 3041 !Average Capacity 0/o Reilnctions 
> 1 1 2337 2408 2480 2341 2491 2272 2272 2132 
. 
2342 0.00 
1-0.51 2 2081 2081 2252 2091 2328 2093 2119 1876 
, 
2115 -9.67 
0.50-0.25 3 2116 1994 2118 2103 2115 2123 2136 1843 
, 
2069 -11.66 
< 0.25 4 2100 2125 2089 2104 2136 2136 2113 1964 
, 
2096 -10.49 
Nmnber of observations for capacity analysis 
Detector IDs 
Visibility Rmtge (miles) Visibility Groups I 960 971 972 974 977 979 3005 3041 
> 1 1 27495 53873 53863 52604 76836 68685 41502 94820 
1-0.51 2 81 136 143 135 178 177 82 192 
0.50-0.25 3 91 148 148 142 152 167 117 169 
< 0.25 4 56 80 88 52 36 45 66 52 
....... 
....... 
00 
Detector IDs 
Visibility Range (miles) Visibility Groups 960 971 972 974 977 979 3005 3041 Average speed 0/o Reductions 
> 1 1 67.79 72.74 75.55 65.66 67.92 73.63 65.71 69.13 • 69.77 0.00 
1-0.51 2 64.66 66.27 68.05 64.21 61.87 68.76 62.89 64.39 
, 
65.14 -6.63 
0.50-0.25 3 63.33 64.82 68.71 64.53 61.51 70.54 61.51 63.57 • 64.82 -7.10 
< 0.25 4 60.61 63.52 65.46 60.19 60.63 59.62 60.05 62.3 
. 
61.55 -11.78 
Number of observations for speecl analysis 
Detector IDs 
Visibility Range (miles) Visibility Groups I 960 971 972 974 977 979 3005 3041 
> 1 1 53100 95059 95549 94365 132593 120633 151603 172821 
1-0.51 2 120 204 120 213 250 270 272 334 
0.50-0.25 3 303 448 303 454 485 536 562 670 
< 0.25 4 64 100 64 59 58 56 104 133 
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REFERENCES 
1. "United States Snow Climatology," National Climatologic Data Center, National 
Oceanic and Atmospheric Administration (NOAA), United States Department of 
Commerce, webpage 
http ://1 wf. ncdc.noaa. gov I oal c limate/moni to ring/ snowclim/mainpage. html, last 
updated, Nov. 2004. 
2. Greenshields, B.D., "A Study of Traffic Capacity, Highway Research Board 
Proceedings," Vol.14, Washington, D.C., 1934, pp. 484-477. 
3. Hall, F.L. and Barrow, "Effects of Weather and the Relationship between Flow and 
Occupancy on Freeways," Transportation Research Record 1194, National Research 
Council, Washington, D.C., 1988, pp. 55-63. 
4. Ibrahim, A.T. and Hall, F.L., "Effect of adverse Weather Conditions on Speed-Flow-
Occupancy Relationships," Transportation Research Record 1457, National Academy 
of Sciences, 1994, pp. 184-191. 
5. Jones, E.R., Goolsby, M.E., and Brewer, K.A., "The Environmental Influence of Rain 
on Freeway Capacity," Highway Research Record 321, Transportation Research 
Board, Washington, D.C., 1970, pp. 74-82. 
6. Ries, G.L., "Impacts of Weather on Freeway Capacity," Minnesota Department of 
Transportation, Office of Traffic Engineering, Systems and Research Section, St.Paul, 
Minnesota, 1981, pp. 1-18. 
7. Kleitsch, and Cleveland, D.E., "The Effect of Rainfall on Freeway Capacity," 
Highway Safety Institute, Report Tr S-6, University of Michigan, Ann Arbor, 
Michigan, 1971. 
120 
8. Brilon, W. and Ponzlet, M., "Variability of Speed-Flow Relationships on German 
Autobahns," Transportation Research Record 1555, Transportation Research Board, 
Washington, D.C., 1996, pp. 91-98. 
9. Smith B. L., Byrne, K. G., Copperman R. B., and Hennessy S. M., Goodall N. J., "An 
Investigation into the Impact of Rainfall of Freeway Traffic Flow," preprint, 
presented at the 83rd annual meeting of Transportation Research Board, Washington 
D.C., 2004. 
10. Okamoto, N., Ishida, H., Furuya, H., and Furukawa, K., "Including Weather 
Condition Factors in the Analysis of the Highway Capacity," preprint, presented at 
the 83rd annual meeting of Transportation Research Board, Washington D.C., 2004. 
11. Liang, W.L., Kyte M, kitchener, F ., and Shannon, P., "The Effect of Environmental 
Factors on Driver Speed: A Case Study," Transportation Research Record 1635, 
Transportation Research Board, Washington, D.C., 1998, pp. 155-161. 
12. Kyte, M., Khatib, Z., Shannon, P., and Kitchener, F., "Effects of Environmental 
factors on Free- Flow Speed," Transportation Research Circular, Proceedings of the 
Fourth National Symposium on Highway Capacity, Transportation Research Board, 
held in Maui, Hawaii, June 2000, pp. 108-119. 
13. Stem, A.D., Shah, V., Goodwin, and Pisano, P., "Analysis of Weather Impacts on 
Traffic Flow in Metropolitan Washington, D.C.," Presented at the 83rd Annual 
Meeting of The American Meteorological Society, Long Beach, California, February 
8 - 13, 2003. 
14. Chapter 22, Adverse Weather Capacity Reduction, Highway Capacity Manual 2000. 
121 
15. May, A.D., "Capacity and Level of Service for Freeway Systems," Third Interim 
Report, Phase C -Tasks Cl through ClO, prepared for the Transportation Research 
Board, June 12, 1998. 
16. Neter, J., Kutner, M.H., Nachtsheim, C. J., and Wasserman, W., Applied Linear 
Statistical Models, 4th ed, WCB McGraw-Hill, Chapter 17. 
17. Polus, A. and Pollatschek, M.A.,"Stochastic nature of freeway capacity and its 
estimation," Canadian Journal of Civil Engineering, v 29, n 6, December, 2002, pp. 
842-852. 
18. McShane, R.W., Roess, R.P., and Prassas,. Traffic Engineering, 2nd ed. Prentice Hall 
Inc., S.E.1998, Upper Saddle River., N.J. 
19. Persaud, B.N. and Hurdle, V.F., "Freeway capacity: Definition and measurement 
issues," Proceedings of the International Symposium on Highway Capacity and Level 
of Service, Jul 24-27 1991, pp. 289-307. 
20. Hall, F.L. and Agyemang-Duah, K., "Freeway capacity drop and the definition of 
capacity," Transportation Research Record 1320, Transportation Research Board, 
National Research Council, Washington, D.C., 1991, pp. 91-98. 
21. Wemple, E. A., W., Morris, M.A., and May., A. D., "Freeway capacity and flow 
relationships," Proceedings of the International Symposium on Highway Capacity 
and Level of Service, 1991, pp. 439-455. 
22. Ranking Tables for Metropolitan Areas: Population in 2000 and Population Change 
from 1990 to 2000 (PHC-T-3), webpage 
122 
http://www.census.gov/population/www I cen2000/phc-t3 .html, last accessed on 
August 20, 2004. 
23. Unedited local climatological data, National Climatic Data Center, National Oceanic 
and Atmosperic Administration (NOAA), 
webpage http://cdo.ncdc.noaa.gov/ulcd/ULCD, last accessed on December 15, 2004. 
24. Smith B., L. and Ulmer, J., M., "Freeway traffic flow measurement: investigation 
into impact of measurement time interval," J oumal of Transportation Engineering, 
American Society of Civil Engineering, pp. 223-229. 
25. Hunt, J.G. and Yousiff, S.Y.1994, "Traffic capacity at motorway road networks-
effects of layout, incidents and driver behavior," In network design to reduce conflict: 
Proceedings of the 2nd International Symposium on Highway capacity, Sydney, 
Australia. Australian Road Research board Ltd., Vermont South, Australia, Vol.l, pp. 
295-314. 
26. Coifman, B. "Improved Velocity Estimation Using Single Loop Detectors," 
Transportation Research: Part A, vol 35, no 10, 2001, pp. 863-880. 
27. Aerde M. V. and Rakha H. "Multivariate calibration of single regime speed-flow 
relationship," Conference on Vehicle Navigation and Information Systems (VNIS), 
1995, pp 334-341. 
28. Brow, B.and Baass, K., "Seasonal Variation in Frequencies and Rates of Highway 
Accidents as a Function of Severity," Transportation Research Record 1581, 
Transportation Research Board, Washington, D.C., 1997, pp. 59-65. 
